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Hydrogen is envisioned as a renewable and clean energy in near future. 
The water gas shift (WGS) reaction is one of the important downstream 
processes to remove carbon monoxide and upgrade hydrogen production. The 
thermodynamic favorable and kinetically limited of WGS reaction at low 
reaction temperature (<300°C) have resulted in two stages of WGS reaction 
being applied in industry. To nominate a new system, one stage of high 
temperature WGS catalytic membrane reactor (HT-WGS-CMR) should be 
prepared. To accomplish this goal, two challenges are urgently demanded to 
be overcome. Firstly, synthesize an active, stable and selective catalyst for 
HT-WGS reaction (300-500°C). Secondly, build up a selective hydrogen 
permeation membrane and finally a catalytic membrane reactor. In this thesis, 
the synthesis and characterization of Ni-based supported on ceria nano-
structured catalysts such as controllable ceria nano-sizes, nano-shapes and 
core-shell structures for HT-WGS reaction. Lastly, an integrated catalytic 
membrane reactor is also developed. 
A detailed study of Ni-Cu bimetallic catalyst supported on ceria is 
extensively investigated to suppress the methanation reaction as well as 
maintain high activity. The Ni-Cu/CeO2 catalyst with Ni/Cu ratio of 1 exhibits 
high activity with the least methane formation due to Ni-Cu alloy phase. 
Kinetic studies are also performed to validate various different postulated 
WGS reaction mechanisms over a Ni-Cu/CeO2 catalyst,  showing the carboxyl 
mechanism to be the main reaction pathway, with the formate species as 
observed from in-situ DRIFTS analysis to be mainly a spectator in WGS 
reaction. 
The thermal stability of catalyst support is an important factor in 
affecting the catalyst performance, particularly for high temperature reaction 
as ceria is shown to be an active catalyst support for WGS reaction. Three 
different ceria particle sizes with high thermal stability up to 700°C for HT-
WGS reaction is synthesized. Ceria with the largest secondary particle size 




surface lattice oxygen as compared to the ceria with the smallest secondary 
particle size. The largest secondary ceria particle size is also able to improve 
the metal dispersion, small Ni-Cu alloy crystal size and high surface lattice 
oxygen. Moreover, the effect of ceria nano-shapes with high thermal stability 
up to 700°C and nearly the same primary crystal size are also synthesized. 
Ceria nanorod reveals the highest activity in comparison with ceria truncated 
polyhedral and ceria spherical. Two important species are found on ceria 
nanorod such as the surface lattice oxygen and reactive mono-linear hydroxyl 
group. These species are postulated to be the main important species 
contributing to the high activity.   
For high temperature reaction, metal sintering is one of the issues 
needed to be solved while incorporating the catalyst in the catalytic membrane 
reactor to be operated at 500°C. A core-shell structure, ceria encapsulated 
bimetallic core is developed. With this catalyst structure, a narrow and 
uniform Ni-Cu bimetallic core with the average particle size of 3.4 nm 
protected with an average ceria shell thickness of 4.3-5.4 nm is synthesized. 
This structure can achieve better activity and stability for HT-WGS reaction at 
500°C. The main important properties of this structure are the high metal-
support interaction, small Ni-Cu bimetallic core size and high surface lattice 
oxygen. 
The catalytic membrane reactor system has also been developed for 
HT-WGS reaction to simultaneously remove the hydrogen from the product 
stream and to enhance CO conversion. Pd-membrane is coated internally in 
the lumen of alumina substrate as the selection layer for hydrogen separation, 
whereas the catalyst is packed on the external surface of alumina substrate. 
Core-shell catalyst shows high activity in the catalytic membrane reactor, as 
well as high hydrogen permeation for HT-WGS reaction.    
 
Keywords: high temperature water gas shift reaction, nickel-copper alloy, 
ceria nanostructure, Pd-membrane, catalytic membrane reactor  
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CHAPTER 1 - INTRODUCTION 
1.1 Research background  
The escalating decrease of fossil fuel and progressively increasing 
demand for energy resources around the world have encouraged researchers to 
find alternative energy resources to substitute fossil fuel in energy generation 
[1]. Since carbon emission such as carbon dioxide and carbon monoxide 
which are emitted from combustion of fossil fuel has seriously polluted the 
environment and destroyed the ecosystem of the biological cycle; an 
alternative energy needs to be developed to replace fossil fuel dependent. The 
commonly used alternative energy includes wind energy, solar energy, hydro-
electricity and hydrogen energy [2-3]. Hydrogen energy is envisioned as one 
of the cleanest energy carriers and posed the highest potential to be used in the 
near future, which has significantly evoked the development of processes to 
produce hydrogen. 
 Conventionally, hydrogen is widely used as raw material for chemical 
productions such as ammonia synthesis, hydrocracking, desulfurization and 
others. Apart from chemical production, hydrogen is also applied in food 
processing industry, steel manufacturing industry, mechanical, electrical 
manufacturing industry; and also largely used as an energy carrier in fuel cell 
power generation. Hydrogen owns several advantages compared to other gases 
as energy carrier: (a) high energy production efficiency; (b) no side product; (c) 
renewable energy; (d) easiness in scaling-up and portable applications [4]. 
With the above advantages of hydrogen, it has thus been accepted to be the 
promising way in energy generation.   
Hydrogen can be produced from various processes such as biomass 
gasification, coal gasification, pyrolysis, reforming of liquid and gas 
hydrocarbon, water splitting, electrolysis of water and other ways [5-7]. The 
limitation of other processes such as water splitting via photolytic process 
shows the low production rate and electrolysis of water requires high 
operation cost. Among the mentioned processes, biomass gasification process 
is implied to be the effective way as the sources of hydrogen is renewable. In 
biomass gasification process, synthetic gases are the main product formed 
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during gasification. However,  the synthetic gases produced from these 
processes frequently comprise of several impurity gases such as carbon 
monoxide (CO), carbon dioxide (CO2), methane (CH4), hydrogen (H2), water 
and also small amount of hydrogen sulfide (H2S) and carbonyl sulfide (COS). 
Therefore, it is essential to undergo separation units in order to produce pure 
hydrogen for fuel cell applications. Nevertheless, the product stream contains 
1-10% of CO which is difficult to be separated and tend to poison the catalyst 
used in fuel cell as well as create environmental issue [8-10]. In order to 
circumvent this issue, several methods have been implemented to reduce CO 
emission such as water gas shift (WGS) reaction, CO oxidation and 
preferential CO oxidation [11-12]. WGS reaction is demonstrated to be the 
aspirant reaction as water vapor is used as the oxidant to oxidize CO and 
simultaneously produce extra hydrogen. This reaction offers two benefits: (a) 
removing CO and (b) producing hydrogen.  
To further improve the catalyst performance and separate the hydrogen 
produced, a catalytic membrane reactor should be developed to simultaneously 
enhance the hydrogen permeation and promote WGS reaction to forward 
reaction. The catalytic membrane reactor is a combination of catalyst and 
membrane into a single reactor unit which poses several advantages in 
comparison with traditional fixed bed catalytic reactor system. This catalytic 
membrane reactor system could significantly enhance the WGS reaction via 
removing the hydrogen from the product stream, thus enhancing the CO 
conversion. In addition,  this catalytic membrane reactor is able to selectively 
separate hydrogen from the product stream and to achieve pure hydrogen from 
the permeate side.  
1.2 Research objective 
 The main research objective of this thesis is to develop Ni-based 
catalysts and ceria nanostructured materials as catalyst supports for high 
temperature water gas shift reaction and the catalysts performances are 
evaluated in terms of catalytic activity, selectivity and stability. The best 
catalyst is integrated with Pd-based hollow fiber membrane for high 
temperature WGS reaction. The next section presents the investigations of the 
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catalyst development, design and synthesis to understand the nature of catalyst 
properties in affecting the catalysts performances.  
i) Development of the active and selective Ni-based bimetallic 
catalyst  
The formation of methane as the undesired side reaction of Ni 
catalyst was the main issue happened over water gas shift. The 
substitution of the nickel metal with second metal to form alloys 
catalyst was developed to suppress methane formation. The water 
gas shift reaction mechanism has been proposed in methane 
suppression with kinetic study and in-situ DRIFTS analysis.     
ii) Investigation of the effects of CeO2 primary crystal size as 
catalyst support 
Catalyst support, particularly CeO2, an active catalyst support has 
been synthesized to investigate the effects of CeO2 primary crystal 
size as catalyst supports for water gas shift reaction. The role of 
CeO2 primary crystal size has been investigated.  
iii) Investigation of CeO2 catalyst supports morphology effects 
As a continuation from previous chapter, three types of CeO2 
morphology which are thermally stable as catalyst support have 
been successfully synthesized to investigate the effects of CeO2 
morphology over high temperature water gas shift reaction. The 
surface and catalytic properties have been examined.  
iv) Investigation of bimetallic core – ceria shell catalyst 
The bimetallic core protected by a porous ceria shell has been 
synthesized. This newly developed core-shell catalyst structure was 
prepared by using the positive emulsion method combined with 
self-assembly method and the unique properties of core-shell 
catalysts have been investigated.  
v) Catalytic membrane reactor for high temperature water gas 
shift reaction 
A Pd-membrane has been coated internally onto the lumen of 
hollow fiber membrane and used for hydrogen permeation test. 
Two different types of catalysts are compared and packed outside 
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of the hollow fiber to investigate the performance of catalytic 
membrane reactor for high temperature water gas shift reaction.   
1.3 Organization of thesis 
 This thesis consists of nine chapters. In the first chapter, an overview 
of the research background and research objectives are defined.   
Chapter 2 reviews the background, thermodynamic and the recent 
research studies of catalyst development, comparison of the active and inert 
support, nanomaterial synthesis, reaction mechanism studies and kinetic 
studies for water gas shift reaction as well as Pd membrane preparations, the 
concept and fundamental of catalytic membrane reactor over water gas shift 
reaction.  
In chapter 3, the experimental system and catalysts characterization 
techniques are described in detail.  
Chapter 4 discloses the role of Ni-Cu bimetallic alloy in methane 
suppression and selective to water gas shift reaction. Kinetic studies are 
performed to validate various different postulated water gas shift reaction 
mechanisms which show carboxyl mechanism could be the main reaction 
pathway.   
In chapter 5, ceria nanosphere with controllable sizes have been 
synthesized via hydrothermal method to investigate the effect of ceria primary 
crystal sizes as catalyst supports over water gas shift reaction. The largest 
secondary particle size and the small primary crystal size of ceria show a few 
important intrinsic properties of ceria nanoparticle as catalyst support in water 
gas shift reaction.   
Chapter 6 shows the development of high thermal stability of ceria 
nanoshapes as catalyst support for water gas shift reaction. Three types of 
ceria nanostructures: nano-rod, truncated polyhedral and spherical ceria were 
extensively investigated on their surface and catalytic properties in enhancing 
water gas shift reaction. The nanorod ceria exhibits the highest catalytic 
activity due to the ceria nanorod surface properties.  
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In chapter 7, Ni-Cu bimetallic core encapsulated with porous ceria has 
been successfully synthesized to study the peculiar properties of the core-shell 
structure as compared to conventional supported catalysts. The core-shell 
catalyst structure is found to exhibit several advantages such as high surface 
area, small metal sizes, high metal-support interaction and high surface lattice 
oxygen which are the main properties needed for water gas shift reaction.     
Chapter 8 illustrates the catalytic hollow fiber membrane reactor over 
water gas shift reaction where the fabrication of membrane support, spinning 
conditions, coating conditions with peristaltic pump and two well-developed 
catalysts are discussed and compared in terms of hydrogen permeation, 
selectivity and catalyst activity. 
In the final chapter, chapter 9 concludes the important findings and 
contributions of the presented results and offers a future direction in this field 
of research.     
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CHAPTER 2 - LITERATURE REVIEW 
2.1 Overview of catalysts in water gas shift reaction 
 Water gas shift (WGS), is relatively a well established reaction which 
has been widely studied in the last few decades. The increasing interest in 
hydrogen production via WGS reaction has evoked intensive research in 
developing and synthesizing low and high temperature WGS catalyst to 
replace the conventional catalyst. This reaction is slightly exothermic and 
favorable at low reaction temperature due to the thermodynamic limitation; the 
kinetic however is limited at low reaction temperature. Therefore, two stages 
of WGS reaction are performed industrially at 350-450°C, named as high 
temperature WGS followed by low temperature WGS at 200-250°C. Two 
types of catalysts are commonly applied for these two stages of WGS reaction: 
Cu-Zn catalyst for low temperature WGS and Fe-Cr catalyst for high 
temperature WGS [1-4]. This section will be mainly focused on the review of 
commercial catalysts, examining the recent catalysts developed in high 
temperature WGS reaction, reaction mechanisms and the limitations of the 
commercial and recent catalysts.   
2.1.1 Thermodynamic study 
 From the thermodynamic point of view, WGS is a mild exothermic 
reaction indicated as: 
CO + H2O → CO2 + H2 (ΔH = -41.2kJ/mol)  (Eq 2.1) 
A few thermodynamic models are proposed to describe the WGS such as 
Twigg and Moe [5-6]. Twigg has developed a complex thermodynamic model 
which is valid in the wide temperature range from 200 to 1199°C whereas 
Moe provided a rather simpler empirical model for the equilibrium constant 
calculation in the range of 315 to 480°C as shown in Eq. 2.2 and Eq. 2.3 
respectively. 
      
      
 
                                  
     
  
         (Eq. 2.2) 
       
      
 
                (Eq. 2.3) 
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As shown in the Eq. 2.2 and 2.3, the equilibrium constant is inversely 
proportional to the reaction temperature. This indicates that at high 
temperature, the equilibrium conversion will be lower while at low 
temperature, the equilibrium conversion is higher. However, there is a 
minimum operating temperature for WGS to increase the reaction rate and 
prevent the condensation of steam in deactiving the WGS catalyst. In addition, 
feed composition is an another important factor in affecting the WGS reaction. 
For example, the equilibrium thermodynamic of WGS of various steam to 
carbon ratio is depicted in Figure 2.1, showing the CO conversion strongly 
depends on the feed composition and steam to carbon ratio. WGS is also 
limited by the inlet gas composition such as CO2, H2, H2S and others. These 
gases will inhibit and poison the catalyst and promote side reactions,  
particularly at high temperature which require special attention.  



































Figure 2.1 The Equilibrium thermodynamic of high temperature WGS 
reaction of various steam to carbon ratio. 
2.2 Catalysts for high temperature water gas shift reaction 
In high temperature WGS, two different types of catalysts are 
commonly used: mixed metal oxide catalyst and metal supported catalyst. In 
the following section, these two classes of catalysts were reviewed in details.  
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2.2.1 Metal oxide catalyst 
Fe-Cr catalyst, a commercial catalyst is conventionally adapted in 
industrial application. Fe-Cr catalyst consists of 80-90% weight percent of 
Fe2O3 and 8-10 wt% of Cr2O3 with the remaining of promoters and stabilizers 
are commercially available [7]. Zhou et al. reported that the major function of 
Cr2O3 is to prevent Fe2O3 from sintering and loss of surface area, thus 
enhancing the stability of Fe catalyst [8]. However, the carcinogenic and 
toxicity of chromium compounds have encouraged researchers to replace it 
with other metal elements, such as nickel, copper, rhenium, cobalt and others 
[9-12]. Two main elements such as copper and alumina are generally used as 
promoter to stabilize the structure of iron [13-16]. Alumina was found to 
prevent the iron structure for sintering, over-reduction and minimize the 
surface area loss. Cu was not only found as structural promoter and created a 
high amount of oxygen vacancies which in turn facilitates the redox cycle 
during the WGS reaction prepared by using the sol-gel method [17]. In a 
recent study, the role of copper in Fe-Cu-Al-O catalyst for the WGS reaction 
was extensively investigated, suggesting a double layer structure of a Fe3O4 as 
the first layer whereas a metallic Cu underneath of Fe3O4. The strong metal 
(Cu)-oxide (Fe3O4) interface of this double layer structure enhances the WGS 
catalytic activity [18]. Nevertheless, these chromium-free catalysts have not 
been commercially applied.  
2.2.2 Metal supported catalyst 
In metal supported catalyst, two classes of catalysts are widely used in 
WGS reaction: non-noble metal (Cu, Co, Fe and Ni) and noble metal (Pt, Pd, 
Au and Rh). For noble metal supported catalyst, this catalyst is generally 
applied for low temperature WGS and for non-noble metal supported catalyst 
is used for high temperature WGS. In the following section, copper (Cu) and 
nickel (Ni) supported catalysts are thoroughly reviewed.  
2.2.2.1    Copper based catalyst 
The low cost and high availability of copper-based catalyst have 
sought their applicability in WGS reaction [19]. Many researchers performed 
Chapter 2 - Literature Review 
9 
 
some modifications of copper catalyst in order to improve the catalytic 
capabilities. Fuentes et al. showed that zinc as the promoter was able to 
improve the stability of the copper based catalyst by a synergistic effect on 
Cu-based catalyst as compared to Cu metal alone [20]. Moreover, Garbassi 
and Petrini explained that zinc can purely act as a support for Cu metal in 
enhancing the catalyst’s activity with the interaction between Cu and Zn [21]. 
Gawade et al. and Wang et al. implied that wet impregnation of Cu-CuO onto 
cerium oxide supports were able to enhance the catalyst activity via redox 
mechanism [22-23]. Ceria was preferred to be used as metal supports for Cu 
catalysts, not only due to ceria high oxygen storage capability, but also 
enhanced the reducibility of ceria; resulting in thermal and structural stability 
of Cu-Ce catalyst via the strong interaction, improving the WGS conversion 
[24-25]. Although different structure of copper based catalyst has been widely 
developed; poor stability and activity of Cu-based catalyst due to metal 
sintering and deactivation at high reaction temperature were still observed. For 
instance, Herman et al. found that the structure of Cu-hydrotalcite catalyst was 
observed to collapse at temperature below 300°C [26]. A decreasing of 
catalytic activity was observed by Wang et al. when the reaction temperature 
reached above 400°C; is owing to the metal sintering of copper catalyst for 
wet-impregnated Cu/CeO2 catalyst [23].  
2.2.2.2    Nickel Based Catalyst 
 Nickel-based catalyst is one of the promising catalysts posing high 
potential in WGS reaction particularly at high temperature reaction. The 
advantage of Ni-based catalyst is high heat conductivity which is able to help 
control the heat of reaction and allowing a high thermal stability and activity 
for high temperature WGS. This nickel based catalyst showed high activity,  
even surpassing some of the noble metals such as platinum and rhodium [27]. 
Hwang et al. explicated the addition of potassium as metal promoter is able to 
increase the catalytic activity significantly as compared to pure nickel based 
catalyst [28]. In addition, Ni-supported on cerium oxide is evidenced to 
achieve high catalytic activity which was reported by Roy et al. [29]. However, 
the main drawback of nickel based catalyst was the side reactions, such as 
methanation reaction at high temperature as shown in Eq. 2.4 to Eq. 2.6 [30]. 
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Additionally, carbon and carbonate species formation on the catalyst surface 
will cause catalyst deactivation [31]. Thus, several modifications of catalyst 
should be performed to solve this problem.  
CO + 3H2 ↔ CH4 + H2O  (∆H = -205.8kJ/mol) (Eq 2.4) 
2CO + 2H2 ↔ CO2 + CH4 (∆H = -170.8kJ/mol) (Eq 2.5) 
CO2 + 4H2 ↔ CH4 + 2H2O   (∆H = -165kJ/mol) (Eq 2.6) 
2.3 Catalyst support  
Catalyst support plays a critical role in metal dispersion, promote metal 
support interaction, provide labile O/H/OH species and surface oxygen 
vacancies particularly involving steam as reactant such as steam reforming of 
hydrocarbon or WGS reaction. Catalyst supports are commonly categorized as 
inert catalyst support and active catalyst support. The examples of catalyst 
supports with their intrinsic properties and surface properties are discussed in 
the following section.    
2.3.1 Inert support  
2.3.1.1    Silica (SiO2)  
Silica is generally used as an inert catalyst support to disperse metal 
and enhance metal support interaction in order to form small metal cluster. 
The advantages of silica included high surface area and the easiness of its 
matrix to form a variety of pore sizes (mesoporous and microporous ranged) 
and structures (hexagonal channel) [32-35]. The examples of silica include 
MCM-41 (Mobil Composition of Matter or Mobil Crystalline Material), SBA-
15 (Santa Barbara Amorphous), SBA-16 and others. In water gas shift, silica 
has also been used as a catalyst support for noble metal and transition metal in 
low temperature WGS reaction. Prof. Flytzani-Stephanopoulos’s research 
group has reported that adding a small amount of alkali-ions on Pt-silica or 
alumina significantly improved the catalyst activity [36]. This is mainly due to 
the formation of partially oxidized Pt-alkali-Ox(OH)y active species. Hwang et 
al. also reported that Si-modified Pt/CeO2 catalyst could increase the oxygen 
defects of catalyst support and enhance the density of hydroxyl groups on 
ceria surface and subsequently increase the surface intermediate species [37]. 
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Prof. Chen’s research group has adopted atomic layer epitaxy technique to 
deposit Cu nanoparticles onto silica [38]. This method shows surprisingly high 
activity for WGS as compared to Pt/SiO2 catalyst. They attributed to the defect 
sites formed on Cu nanoparticles and the highly dispersed Cu particles which 
has strong interactions with oxide support [39-40]. The defect sites on the Cu 
nanoparticles are able to induce H2O dissociation to form atomic oxygen, 
which in turn to follow the redox mechanisn for the water gas shift reaction. A 
few recent studies have also reported that bimetallic supported on silica 
showed high activity and selective for WGS reaction [41-42].  
2.3.2 Active support 
2.3.2.1    Ceria (CeO2) 
Ceria is the most abundant rare earth element and well-known as an 
active catalyst support which poses a variety of intrinsic properties in catalysis. 
A few intensive review papers have been published recently in discussing the 
catalytic properties of ceria in various reactions [43-46]. To understand the 
ceria structure, a brief introduction of ceria structure will be explained in the 
subsequent section. Ceria nanocrystal exhibits a fluorite crystal structure with 
the space group Fm3m and lattice constant a = 5.411Å . This structure consists 
of a face-centered cubic (fcc) unit cell of cations with anions occupying the 
octahedral interstitial sites. The ceria structure is illustrated in Figure 2.2 (a), 
showing the cerium cation (Ce
4+
) is coordinated by eight nearest-neighbour 
oxygen anions (O
2-
) and each oxygen anion is linked with four nearest-
neighbour cerium cation [45-46]. Ceria also easily undergoes transformation 
between two Ce oxides at two different Ce oxidation state. In the oxygen-rich 
atmosphere, oxygen-rich CeO2 is formed, whereas in oxygen-lean atmosphere, 
oxygen-lean Ce2O3 is formed. Moreover, the Ce2O3 structure has a hexagonal 
lattice with P3m1 space group, two cerium and three oxygen atoms per unit 
cell as shown in Figure 2.2 (b) [47-48].  




Figure 2.2 The crystal cell of the ceria structure (a) CeO2; (b) Ce2O3 [47-48].  
2.3.2.1.1   Synthesis method 
Several methods have been widely employed to synthesis nano-size 
ceria with different shapes and sizes such as homogenous precipitation, sol-gel, 
micro-emulsion, hydrothermal, sono-chemical and other methods [49-55]. The 
advantages and disadvantages of each method are tabulated in Table 2.1. 
Table 2.1 The Comparison of ceria preparation methods. 
Methods Advantages Disadvantages Ref. 
Homogenous 
Precipitation 
i)Easy to operate 
ii)Cheap metal precursors  
i)Low uniformity of ceria. 
ii)Hard to control  
nano-shape ceria. 
[56-57] 
Sol-gel i)Low operating temperature 
ii)Easy to form uniform particle 





i)Efficient to prepare  
mono-disperse ceria nano-particle 





i)Easy to operate 
ii)Cheap metal precursors 
iii)Easy to control nano-particle  
sizes and shapes. 
i)High operating 
temperature  
and pressure  
[63-66] 
As a concluding remark for the aforementioned methods of synthesizing nano-
particle ceria, hydrothermal method has emerged as the simplest method to 
synthesis a controllable nano-particle ceria with a range of ceria nano-sizes 
and a variety of ceria nano-shapes.    
2.3.2.1.2   Intrinsic properties of CeO2 
With a variety of metal precursors, methods, complexing agents and 
reaction medium in preparing ceria, the intrinsic properties of ceria can be 
finely tuned. It could easily be used to prepare ceria with different intrinsic 
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properties. The important intrinsic properties of ceria are generally divided 
into three main categories: redox properties, oxygen vacancies and surface 
active species.  
(a) Redox properties 





 in different environments. Ceria is one of the stable rare-
earth metal which exist in tetravalent cerium (Ce
4+
) and the stability of the +4 










. For example, Ce
4+
 is a very strong one-electron oxidant 
in acidic medium. Ce
3+
 can be oxidized to Ce
4+ 
with a strong oxidizing agent, 
whereas in the reducing atmosphere (such as H2), Ce
4+ 
can also be reduced to 
Ce
3+
. The easiness of oxidation states change is attributed to the oxygen 
storage capacity (OSC) of ceria. This in turn causes ceria becomes an 
excellent oxygen buffer. The redox process is written as:   
 
This redox property is playing a vital role in catalysis, particularly for 
steam reforming of hydrocarbon/alcohol and WGS reaction. For instance, the 











) are the main routes in oxidation and reduction process for WGS reaction 
which is named as redox mechanism. The details of the redox mechanism for 




have also led to the oxygen vacancy formation. These oxygen vacancies are 
reported to play significant roles in the catalysis such as in WGS reaction and 
CO oxidation reaction. The formation of oxygen vacancies and the importance 
of oxygen vacancies will be presented in the following section.  
(b) Oxygen vacancies/defects 
The oxygen vacancy formed in the ceria nanocrystal is called as defect 
site. The defect reaction can be written in Kröger-Vink notation as shown in 
Eq. 2.8. 




There are several types of defect sites such as point defect, line defect and 
other defects which can be observed by using STM (Scanning Tunneling 
Microscope) [68-69]. The importance of oxygen vacancy in catalysis can be 
widely found in the reported literatures [70-72]. For instance, the oxygen 
vacancy site is playing an important role in the WGS reaction, particularly in 
enhancing water adsorption and dissociation. The concentration and dynamic 
of oxygen vacancy can be affected by several physical parameters and 
chemical parameters such as differences in oxygen partial pressure, 
temperature, surface stresses, surface crystal planes, lattice distortion by 
chemical doping and electrical field [73-80]. The difference in oxygen partial 
pressure, particularly in oxygen-lean atmosphere, reduction of ceria will occur, 
resulting in formation of oxygen vacancy. Moreover, as the temperature 
increases under reducing atmosphere, surface of ceria will be easily reduced, 
forming surface oxygen vacancy. The reduction temperature of ceria generally 
occurs above 500°C in inducing the formation of oxygen vacancy [81]. 
Surface stresses are formed when oxygen is removed from the non-
stoichiometric oxides, produces volume changes. The compositional stresses 
will increase with decreasing grain size. These stresses alter the defect 
concentrations and playing an important key transport properties for ceria 
electrolytes in fuel cells [77,82]. Furthermore, the energy required to form the 
oxygen vacancy is varied relative to ceria with different exposed crystal planes. 
The crystal planes of (110) and (100) generally consist of high amount of 
oxygen vacancies as compared to (111) crystal plane. In addition, the stability 
of crystal planes is following the order of (111) > (110) > (100) [83]. For 
instance, there are more oxygen vacancies on the surface of nanorods and 
nanocubes due to the availability of (110) and (100) exposed planes of 
nanorods and (100) plane respectively [84].       
The introduction a small amount of chemical (trivalent or tetravalent) 
doped into ceria could cause lattice distortion of ceria, in turn affecting several 
properties of ceria such as optical properties by doping Nb [85], electrical 
Chapter 2 - Literature Review 
15 
 
properties by doping Gd [86], the formation and migration of oxygen vacancy 
by doping Pr [87], oxygen storage capacity can be enhanced by doping 
divalent ionic [79] and other properties. In addition, the doping of ceria with 
copper will introduce a large strain to the ceria lattice, favoring the formation 
of O vacancies [88]. Another factor, electrical field can also be used to drive 
the redox properties of ceria which in turn create the migration of oxygen 
vacancies [80]. These electrical field effects have been tested for several 
reactions which showed significant catalytic conversion [89]. The more 
oxygen vacancy formation and lattice defects, the high mobility of oxygen 
anion in the crystal; allowing the ceria to be easily reduced and oxidized [85]. 
The mobility of oxygen species, the function of oxygen vacancy and how it 
helps in WGS reaction will be explained in the following section.  
(c) Mobility of oxygen species 
The transport of oxygen to the surface is an important phenomenon in 
CO oxidation and WGS reaction. Mobility of oxygen species depends on the 
availability of oxygen vacancy presence of the catalyst. In addition, the higher 
the concentration of oxygen vacancy, the easiness of oxygen mobility can be 
substantially improved. The role of oxygen mobility in WGS reaction has been 
reported by several research groups. For instance, Prof. Davis’s research group 
has reported that with the addition of divalent element (eg. Ca
2+
) into ceria 
matrix enhances surface oxygen mobility and reducibility of ceria, improving 
formate mobility (rate determining step of WGS) and WGS reaction rate [90]. 
Moreover, based on their proposed surface diffusion model, increasing oxygen 
surface improves the mobility of O-bound intermediates such as formate, 
carbonates or carboxylates species. Besides, they also reported that adding 
dopants (such as Ba, La, Y, Hf and Zn) into ceria matrix will enhance both O-
mobility and reducibility of ceria, improving the WGS rate by increasing the 
O-mobility of O-bound associated intermediates [91]. Apart from oxygen 
mobility enhancing the mobility of active intermediate species, Watanabe et al. 
also revealed that the mobility of lattice oxygen in the oxide support such as 
Ce or Zr may promote catalytic activity and selectivity for WGS reaction,  
particularly due to the formation of Ni-Fe alloy [92]. Prof. Efstathiou’s 
research group has implemented the SSITKA-DRIFTS method to illustrate the 
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role of labile oxygen and its surface mobility in the WGS reaction for Pt 
supported on Ce-La mixed oxides. They concluded that by introducing La
3+
 
into ceria lattice is able to enhance the concentration of labile oxygen and its 
surface mobility, following the characteristics of the redox mechanism [93]. 
Moreover, Ivanov et al. presented that employing an extractive-pyrolytic 
method to prepare Pt/CeO2 catalyst is able to increase the oxygen mobility in 
the crystal lattice due to the metal-support interaction [94].      
(d) Active surface species 
With the formation of oxygen vacancies on ceria under different 
reaction conditions, a few active surface species are formed, depending on the 
type of reactants presence in the feed stream. These active surface species are 
crucial in the formation of surface intermediate species in WGS reaction. For 
WGS reaction, the important active surface species include: labile oxygen (O), 
labile hydrogen (H) and hydroxyl group (OH). These species are playing an 
important role in the formation of active intermediate species such as formate, 
carboxyl and carbonate and can be used to elucidate the characteristic of the 
WGS reaction mechanisms. In the WGS reaction, ceria is widely used as a 
catalyst support for transition metal and noble metal which has been reported 
by Prof. Gorte’s group [95-96]. Ceria is generally known to pose several 
active species present on ceria surface. The role of labile oxygen species 
(oxygen mobility) has been discussed in the previous section. The oxygen 
vacancies or defects formed during reduction under hydrogen atmosphere will 
promote the formation of active hydroxyl group. This hydroxyl group will 
react with the adsorbed CO on the nearby metal surface to yield formate 
(HCOO) or carboxyl (COOH) species. Jacobs et al. reported that the formate 
species are formed when the reaction occurred in between the germinal OH 
and adsorb CO at the Pt-metal supported interface [97]. Chen et al. also 
observed that carboxyl (COOH) species are formed when adsorbed CO on the 
Au cluster reacts with the active hydroxyl group on ceria [98]. The carboxyl 
mechanism was also supported by Gokhale et al. by employing the self-
consistent density functional theory (DFT-GGA) calculations to evidence that 
the carboxyl mechanism on Cu (111) is the dominant pathway [99]. There are 
several types of hydroxyl group presents on ceria surface which is mainly 
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depending on the ceria nanoshape for water activation [100]. Apart from ceria 
nanoshapes poses different sites for water activation, zirconia oxide (ZrO2) 
also showed that mono-coordinated hydroxyl group on the ZrO2 support will 
react with CO to form formate species which will then decompose to CO2 and 
H2 with the help of  the multi-coordinate hydroxyl group [101]. The details of 
WGS reaction mechanisms such as redox, formate, carboxyl and carbonate 
will be presented in section 2.5.            
2.4 Core-shell catalyst 
Core-shell catalyst is currently receiving the utmost interest due to its 
intrinsic properties, thermal stability and high metal support interaction and 
also widely applied in various research area. These intrinsic properties have 
encouraged the extensive investigation on the unique role of this core-shell 
catalyst in the field of catalysis. Recently, a few intensive review papers have 
been published on synthesizing the core-shell catalyst and application of core-
shell catalyst in various fields of catalysis [102-106]. The importance of core-
shell catalyst structure and application of core-shell catalyst in WGS reaction 
will be reviewed in the following section.         
2.4.1 Metal core and mixed oxide shell synthesis  
In WGS reaction, the configuration of core-shell catalyst is generally 
consisting of a metal core encapsulated with mixed oxide as a shell. To 
prepare this core-shell catalyst, two methods have commonly been employed: 
reverse microemulsion and self-assembly. Reverse microemulsion is defined 
as a liquid mixture consisting of water, a hydrocarbon and a surfactant where 
the formation of micelle is inverse where the interior core is in hydrophilic 
condition (water-soluble compound can be dissolved inside) [107]. This 
method is suitable to be used in preparing core-shell catalyst where the 
dissolved metal will be encapsulated by the surfactant to form micelle in the 
hydrocarbon solution. The advantages of reverse microemulsion are: 
thermodynamically stability, ease of synthesis and control of uniform and 
well-defined nanoscale materials. Another method to prepare core-shell 
catalyst is self-assembly method. This method shows a concept of the co-
operative interaction between the organic templates and inorganic polyions 
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form when hydrolysis of the precursors occurs, changing the charge density at 
the interface between the inorganic clusters and the organic templates, 
subsequently form a mesophase which can be tailored to different structures. 
This mechanism is called as the charge density matching theory [108]. The 
benefits of this method are: (i) an effective way to produce both 
microporous/mesoporous materials and nanoscale materials, (ii) controllable 
surface structure and porosity, (iii) a precise pathway to control  and synthesis 
catalyst structure.  
Upon understanding the method to synthesize core-shell catalyst, a few 
synthesis parameters need to be taken great care during preparation of core-
shell catalyst. Core-shell catalyst consists of two parts: (a) synthesis of metal 
core and (b) prepare of mixed oxide shell precursor. In the WGS reaction, 
noble metal core, Pt is generally used to prepare core-shell catalyst whereby 
two types of shell (silica and ceria) are widely employed. By using the reverse 
microemulsion method, the Pt metal size, the shell thickness and porosity can 
be  tuned by changing surfactant concentrations, the size of water droplets in 
the microemulsion and the nature of the reducing/precipitation agent. Yeung et 
al. reported the optimization parameters in preparing core-shell Pt-ceria for 
WGS reaction using the reverse microemulsion method [109]. For the self-
assembly method, monometallic nanoparticles are needed to be prepared first 
and secondly to synthesize the shell precursors (CeO2, TiO2 or ZrO2) [110]. 
Thereafter, the combination of the metallic core and shell precursors were 
performed. By employing this method, a variety of metallic core sizes, shapes 
and compositions can be easily controlled and tuned. Moreover, the core-shell 
catalyst can be well-dispersed onto various commercial catalyst support such 
as alumina [111]. The catalytic performances and properties of core-shell 
catalysts in the WGS reaction will be discussed in the following section.    
2.4.2 Core-shell catalyst properties for water gas shift reaction 
The advantages of core-shell catalyst are examined for WGS reaction 
in terms of catalytic activity, selectivity and thermal stability, particularly for 
noble metal catalyst. In recent studies, there are several research groups whose 
have developed noble metal based core-shell catalyst for the low temperature 
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WGS reaction. Wang et al. presented a remarkable catalytic stability of Pt-
Na@SiO2 catalyst for the low-temperature WGS reaction where platinum and 
sodium are encapsulated with silica in the form of core-shell by using the 
reverse microemulsion method [112]. This structure has shown a remarkable 
thermal stability and suitable to be used for high temperature reaction as 
reported by Prof. Somorjai’s research group [113]. Apart from silica used as a 
protective shell, ceria shell, a very important catalyst support for the WGS 
reaction was also investigated. Prof. Tsang’s research group has developed 
Pt@CeO2 core-shell catalyst by using reverse microemulsion for WGS 
reaction. They have shown that Pt@CeO2 catalyst exhibited high activity 
under reformate conditions, without producing methane as side, as well as 
maximize metal-support interaction in catalysis [114-116]. Apart from 
Pt@CeO2 catalyst, Cargnello et al. unveiled that Pd@CeO2 catalyst exhibited 
good stability for WGS reaction prepared by a microemulsion procedure [117]. 
In addition, they have also used the self-assembly method to prepare 
Pd@CeO2 catalyst and then dispersed it on an alumina support for WGS 
reaction. The same research group was further examined on Pd@CeO2/Al2O3 
core-shell catalyst in the WGS reaction and found that the catalyst was 
deactivated severely in one hour. This was attributed to the reduced ceria shell 
which has prevented the accessibility of CO to the metal core [118]. This 
unique property is needed to be explored in the future study.          
2.5 Reaction mechanism study 
In WGS reaction, two commonly acceptable reaction mechanisms are 
proposed and named as: redox mechanism (regenerative) and associative 
mechanism. These reaction mechanisms are mainly depending on the active 
metal element, the catalyst supports, catalyst preparation methods and the 
reaction conditions used in the WGS reaction. The WGS reaction mechanism 
is still under debate stage where several mechanisms are proposed.   
2.5.1 Redox\Regenerative mechanism 
Redox mechanism involves the oxidation and reduction cycle 
occurring on the catalyst surface where the catalyst surface is oxidized by H2O 
to produce H2, followed by reduction of CO to CO2 [119]. Two types of redox 
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mechanisms are proposed: (i) Regenerative Mechanism (Eley-Rideal Type) 
and (ii) Associative Mechanism (Langmuir-Hinshelwood Type). In recent 
published review paper, Lee et al. reported that at the high temperature WGS 
reaction, the commercial WGS catalyst (Fe2O3-Cr2O3) most probably preceeds 
via a redox mechanism with Langmuir-Hinshelwood type as compared to 
Eley-Rideal Type [120]. This mechanism is generally accepted for high 
temperature WGS catalyst. The redox mechanism was proved by different 
research groups for high temperature and low temperature WGS reaction over 
different catalysts as presented below: 
(a) Cu-based catalyst 
Numerous copper-based catalyst, ranging from copper single crystal to 
supported copper catalyst, has been developed to study the reaction 
mechanism of water gas shift reaction for low and high temperature. For 
single crystal of copper, Nakamura et al. compared the kinetic studies of 
atomically Cu (110) surface structure and Cu (111) with the aid of several 
ultra-high vacuum surface analysis techniques. They showed that Cu (110) is 
more active than Cu (111) surface which lowered the barrier for O-H bond 
cleavage in the rate-determining step of the surface redox mechanism [121]. 
Following up by Prof. Datta’s research group, a UBI-QEP (unity bond index-
quadratic exponential potential)) microkinetic model was developed to predict 
the elementary reaction step energetic for  the WGS reaction on Cu (111) 
phase [122-123]. Based on their microkinetic model, they have concluded that 
three dominants WGS reaction pathway on Cu catalyst. Formate and 
associative reaction mechanisms are dominant at lower temperature, whereas 
modified redox reaction mechanism is dominant at higher temperature. For 
copper supported catalyst, Ovensen et al. modified the simple redox 
mechanism to become 8 step reaction mechanism as tabulated in Table 2.2. 
They have implemented the microkinetic analysis to investigate the WGS 
reaction under real industrial condition [124]. Metallic Cu single-crystal was 
used to study the WGS kinetic and they implied that the nature of the catalyst 
support may play a secondary role in affecting the reaction mechanism. 
Moreover, the effect of product inhibition also cannot be ruled out during the 
reaction mechanism studies. Koryabkina and coworker found that a strong 
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inhibition on the WGS reaction forward rate by product gas and proposed that 
the reduction of surface oxygen by adsorbed CO is the rate-determining step 
[125]. In a recent study, Cu supported on silica prepared from atomic layer 
epitaxy technique was shown to follow redox mechanism with defect site 
formation on Cu nanoparticles and strong interaction between metal and 
support [40].   
Apart from the importance of metallic copper, the role of ceria as 
promoter or support was also used to investigate the WGS reaction. Quiney et 
al. reported a detailed kinetic analysis and proposed that the two-step redox 
model fit the data of Cu/Ce/Al catalyst, implying that ceria lowers the 
activation energy of water dissociation [126]. Additionally, Li et al. reported 
that atomic copper cluster deposited on Ce(La)Ox catalyst followed a co-
operative redox reaction mechanism where oxidation of CO adsorbed on metal 
cluster by oxygen from the metal interface by ceria and followed by water 
rejuvenated the oxygen vacancy of ceria [127]. Density-functional theory 
(DFT) was performed by Peng and Ho to investigate Cu/TiO2(110) catalyst, 
showing that redox mechanism is the dominant pathway and indicating that 
the Cu cluster reduces the barrier for CO oxidation [128]. The role of copper 
as a promoter on ferrochrome catalyst was investigated by Coleman et al., 
claiming that substitution of iron cations with copper cations has increased 
catalytic activity and decreased the inhibition by CO2. They found that a four-
step redox mechanism provides an accurately fitted model of water-gas shift 
over the Cu-promoted and un-promoted ferrochrome catalysts [129].  
Table 2.2 Modified redox mechanism [124]. 
Step No. Elementary Step 
1. CO (g) + * ↔ CO* 
2. H2O (g) ↔ H2O* 
3. H2O* ↔ OH* + H* 
4. OH* ↔ O* + H* 
5. CO* + O* ↔ CO2* 
6. CO2* ↔ CO2 (g) + * 
7. H* + H* ↔ H2* 
8. H2*↔ H2 (g) + * 
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(b) Pt-based Catalyst  
In general, redox mechanism is shown to occur on Pt-supported on 
partially reduce metal oxide catalyst such as CeO2, ZrO2 and TiO2. A density 
functional theory was implemented to study WGS reaction mechanism on 
Pt/Ceria (111). The results pointed to the preferred pathway is via the direct 
redox mechanism [130]. These results were further supported by Lin et al. 
whose showed that redox pathway occurred on Cu(111), Pt(111) and Au(111) 
surfaces [131]. Moreover, Shinde and Madras reported that substitution of 
Pt/Pd in Fe/TiO2 catalyst is shown to follow redox pathway as compared to 
formate pathway [132]. Furthermore, the addition of Re to Pt/TiO2 catalyst has 
shown significantly changed of the reaction mechanism from formate to redox 
as reported by Iida and Igarashi [133]. Their findings show the importance of 
different metal in determining the type of the WGS reaction mechanism.  
(c) Au-based catalyst 
Au29 and Cu29 nanoparticles were investigated via density functional 
theory for WGS reaction. The authors concluded that two possible 
mechanisms, redox or associative carboxyl occurred on Cu29 and Au29 where 
the rate-limiting step is water dissociation. They also showed that the low-
coordinated corner and edge sites of particles are more active in breaking the 
O-H bond [134].    
(d) Ni-based catalyst 
 Ni supported on ceria is shown to exhibit high catalytic activity, 
particularly at high temperature reaction. Chayakul et al. reported that the 
addition of Re on Ni/CeO2 catalyst exhibited high reaction rate in comparison 
with Ni/CeO2 catalyst. They claimed that Re promoted the redox process by 
enhancing the CO adsorption on the Ni active site [135]. Shinde and Madras 
also reported that Ni ionic substitution into ceria host could activate lattice 
oxygen mobility and followed redox reaction mechanism [136-137]. A density 
functional theory calculation was performed on Fe, Ni and Co-MoS2 catalysts 
and claimed that redox mechanism is kinetically preferable for Mo, Fe and Co 
whereas Ni could be followed both redox and carboxyl mechanism [138]. To 
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draw a concluding remark of the redox mechanism, there are three rate 
determining steps are commonly employed for redox mechanism: water 
dissociation (step 3), surface OH dissociation (step 4) and oxidation of CO to 
CO2 (step 5) as shown in Table 2.2.  
2.5.2 Associative mechanism 
In the associative mechanism, three main active intermediate species 
are generally proposed for WGS reaction: Formate (HCOO), carboxyl (COOH) 
and carbonate (CO3). Each of this reaction mechanism will be summarized as 
follows.   
2.5.2.1    Formate mechanism 
Formate mechanism has been proposed by several research groups, 
particularly for low temperature WGS reaction on mainly Pt-based, Rh-based 
and metal oxide catalysts. Formate mechanism proceeds via several important 
steps: (i) adsorbed water will dissociate to form surface hydroxyl species and 
hydride species, (ii) adsorbed CO will react with the surface hydroxyl species 
to form surface formate species, (iii) surface formate will decompose to 
produce gas-phase CO2 and surface hydride, (iv) the combination of two 
surface hydride species to give gas-phase hydrogen. The generalized 
elementary step of formate as the intermediate species was outlined in Table 
2.3 [139]. 
(a) Metal oxide catalyst: 
Infrared spectroscopy was firstly utilized to capture the formate species 
during the WGS reaction on ZnO and MgO catalysts. Ueno et al. reported that 
surface formate species is the reaction intermediate of the WGS reaction on 
ZnO with formate decomposition is the rate determining step, whereas 
dehydrogenation of the formate ion is the rate determining step on MgO 
catalyst [140]. Shido et al. further studied the reaction mechanism on MgO 
and concluded that in the presence of water, unidentate-type formate 
intermediates were changed into bridge-type formate and decomposition of 
formate to H2 and CO2 via electronic interaction between adsorbed water and 
the formate [141]. Besides, they also found that the first-adsorbed water 
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molecules react with CO to produce bidentate and bridge formate whereas the 
second adsorbed water molecules promoted the formate decomposition to H2 
and CO2 on ZnO surfaces. In addition, the role of co-existence of water 
molecules is not only acted as a reactant to the formate formation and also 
activate bidentate formate to decompose to H2 and unidentate carbonate, 
which in turn promotes the desorption of the carbonate to CO2 [142].  These 
findings are in contrary with CeO2 catalyst where the promotional effect of 
reactant was not observed on CeO2 surfaces [143]. Moreover, Hutchings et al. 
implemented in both kinetic and model reagent studies to probe the reaction 
mechanism on cobalt-manganese oxide catalyst and proceed via a simple 
formate mechanism [144]. A comparison was further evaluated on Co-Cr, Co-
Mn and Cu-Mn mixed oxide catalysts and found that Co and Cu-containing 
catalyst also followed surface formate mechanism [145]. Alkali-promoted 
alumina catalyst was also found to follow the formate ion mechanism as 
reported by Amenomiya and Pleizier [146].  
(b) Rh-based catalyst and Pt-based catalyst: 
  Metal supported catalyst involved in formate mechanism is firstly 
revealed by Shido and Iwasara on Rh/CeO2. They claimed that co-adsorbed 
water promoted formate decomposition and desorption of CO2. Moreover, the 
rate-determining step is the decomposition of the bidentate formate to H2 and 
unidentate carbonate [147]. Jacobs and coworkers also showed that formate 
species are the important intermediate species for low temperature WGS 
reaction on Pt/CeO2 catalyst by using in-situ DRIFTS reaction study [148-149]. 
They have implemented steady-state isotope switching study, steady-state in-
situ DRIFTS measurements and kinetic studies to prove the formate as an 
intermediate species for Pt/CeO2, Pt/Th and Pt/ZrO2 catalysts [150-152]. The 
rate determining step was reported to be the cleavage of the C-H bond of the 
surface formate. A proposed mechanism by the authors are bidentate formate 
as the intermediate species produced from adsorbed CO and surface OH 
groups, thereafter decomposes to H2 and surface unidentate carbonate and this 
species is further decomposed to CO2 [153-155]. Their propose reaction 
mechanism is in agreement with Shido and Iwasara. Since the cleavage of C-H 
bond of the surface formate is the rate determining step, Pigos et al. observed 
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the increasing reaction rates by introducing the alkali ions. Their DRIFTS 
investigations suggest that incorporation of Na or K in Pt zirconia modifies the 
electronic properties and weakens its C-H bond (The C-H band of the formate 
species was shifted to lower wavenumbers) [156-157]. The reactivity of 
hydroxyl groups in WGS reaction on Pt/ZrO2 catalyst was investigated via in-
situ transmission FT-IR. The authors found the importance of mono-
coordinated hydroxyl groups on the ZrO2 support to react with CO to form 
formate as the intermediate species, whereas multi-coordinated hydroxyl 
groups are responsible for formate decomposition [158]. 
(c) Au-based catalyst: 
A reported Au/CeO2 catalyst was prepared by the deposition-
precipitation method, and the researchers deduced that the WGS reaction 
proceeds over the perimeter interfaces of small gold particles on a reduced 
cerium oxide surface, follow a formate mechanism [159]. Moreover, Jacobs 
and coworker proposed that on Au/CeO2 catalyst, the spillover of dissociated 
H2 from the metal to the ceria surface to generate the type II bridging OH 
groups, react to the adsorbed CO in formate formation [160]. The kinetic and 
reaction mechanism on Au/CeO2 catalyst was performed by Leppelt et al. and 
deduced that the surface formate species are formed at the interface between 
Au particles and CeO2 support [161]. A review paper was published by Prof. 
Burch on the characterizations and mechanism studies on gold catalyst for 
WGS reaction. He suggested that different species are formed at different 
temperature; at low temperature, carbonate or carboxylate species to a formate 
species are found and to high temperatures a redox mechanism is dominant 
[162]. To sum up, the rate determining step for formate mechanism is the 
decomposition of formate (HCOO) to WGS product with the help of co-
adsorbed water. To evaluate the active intermediate of WGS reaction, a 
critical analysis of the experimental and kinetic studies should be 
quantitatively analyzed to deduce a possible intermediate species as recently 
reviewed by Burch and coworkers [163].  
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2.5.2.2    Carboxyl/Carboxylate mechanism 
The carboxyl mechanism is recently reported on Pt-based, Cu-based 
and Au-based catalysts. The carboxyl species (COOH) is the main importance 
intermediate species formed from adsorbed CO with adsorbed OH. The main 
difference in comparison with formate mechanism is the intermediate species 
formed during the reaction. The possible elementary steps of carboxyl 
mechanism are presented in Table 2.4 [139, 164]. 
(a) Cu-based catalyst:  
 Gokhale et al. firstly identified a new reactive intermediate, carboxyl 
as a main role in WGS reaction on Cu(111) by density functional theory 
calculation with microkinetic model of experimental data. They deduced that 
carboxyl as the main dominant path where the water dissociation is the rate 
determining step. In addition, formate as a stable spectator formed via CO2 
hydrogenation, which exhibited the highest energy barrier for decomposition 
[164]. A further study was carried out by the same group, employing a 
microkinetic analysis to further describe the water gas shift reaction on copper 
catalysts. The kinetic model predicted that formate species as spectator are the 
most abundant surface species and did not participate in the catalytic cycle 
[139].   
Step No. Elementary Step 
1. CO (g) + * ↔ CO* 
2. H2O (g) ↔ H2O* 
3. H2O* ↔ OH* + H* 
4. OH* ↔ O* + H* 
5. CO* + O* ↔ CO2* 
6. CO* + OH* ↔ HCOO* + * 
7. CO* + OH* ↔ CO2* + H* 
8. HCOO* + * ↔ CO2* + H* 
9. HCOO* +  O* ↔ CO2* + OH* 
10. HCOO* +  OH* ↔ CO2* + H2O* 
11. HCOO* +  H* ↔ CO2* + H2* 
12. H2O* + O* ↔ 2OH* 
13. H2O* + H* ↔ OH + H2* 
14. CO2* ↔ CO2 (g) + * 
15. H* + H* ↔ H2* 
16. H2*↔ H2 (g) + * 
Chapter 2 - Literature Review 
27 
 
(b) Au-based catalyst: 
Liu and Rodriguez employed density functional theory calculation to 
investigate the WGS reaction on Au29 and Cu29 nanoparticles. They 
concluded that Au(100) and Cu(100) surfaces reaction proceed via redox and 
associative carboxyl mechanism, while the rate limiting step is water 
dissociation [134]. A density functional theory calculation was performed to 
investigate the possible reaction mechanism for the WGS reaction on Au(111), 
Liu et al. revealed that carboxyl mechanism is probably feasible reaction 
pathway. This is because of the high formation barrier of formate species 
[165]. Chen et al. performed density functional theory (DFT) on Au/CeO2 
(111) catalyst and found that carboxyl pathway is more preferable. They 
claimed that carboxyl pathway has higher reaction rates than redox and 
formate mechanisms [166].  
(c) Pt-based catalyst: 
 A Pt/Ce/Al2O3 catalyst has been synthesized and investigated via 
kinetic studies to probe the WGS reaction mechanism. The kinetic data 
showed that the reaction rate is almost zero-order in CO and strongly inhibited 
in the presence of hydrogen. A dual-site reaction mechanism via carboxyl 
species as the intermediate species is proposed where the rate-determining step 
involves the reaction between the carboxyl species and the second hydroxyl 
group on the ceria into adsorbed H2 and CO2 [167]. Grabow et al. presented a 
microkinetic model with experimental data for the low temperature WGS 
reaction catalyzed by Pt (111) and showed that the most dominant reaction 
mechanism via carboxyl as the intermediate while formate species that 
observed acting as a spectator species [168].  
Table 2.4   Carboxyl mechanism [139, 164]. 
Step No. Elementary Step (Details) (Simplified) 
1. CO (g) + * ↔ CO* CO (g) + * ↔ CO* 
2. 2H*↔ H2 (g) + 2* 2H*↔ H2 (g) + 2* 
3. H2O (g) + * ↔ H2O* H2O (g) + * ↔ H2O* 
4. CO2* ↔ CO2 (g) + * CO2* ↔ CO2 (g) + * 
5. H2O* ↔ OH* + H* H2O* ↔ OH* + H* 
6. OH* ↔ O* + H* CO* + OH* ↔ COOH*cis + * 
7. CO* + O* ↔ CO2* COOH*trans + OH* ↔ CO2* + 




8. OH* + OH* ↔ H2O* + O* COOH*cis ↔ COOH*trans 
9. CO2* + H* ↔ HCOO* + *  
10. CO2* + H2O* ↔ HCOO* + 
OH* 
 
11. CO2* + OH* ↔ HCOO* + O*  
12. CO* + OH* ↔ HCOO* + *  
13. HCOO* + * ↔ HCOO**  
14. CO* + OH* ↔ COOH*cis + *  
15. COOH*trans + * ↔ CO2* + H*  
16. COOH*trans + OH* ↔ CO2* + 
H2O* 
 
17. COOH* + O* ↔ CO2* + OH*  
18. COOH*cis ↔ COOH*trans  
 
2.5.2.3    Carbonate mechanism 
 The carbonate mechanism was reviewed by Callaghan in his PhD 
thesis, over iron oxide catalyst in a membrane reactor as tabulated in Table 2.5. 
He suggested that the formation of intermediate species is temperature 
dependent [169]. In a recent study, an inverse catalyst structure CeO2/CuO has 
been investigated via operando steady-state isotopic transient kinetic analysis 
(SSITKA) with diffuse reflectance infrared fourier transform spectroscopy 
(DRIFTS) to probe the reaction intermediate for low temperature WGS. They 
found that a particular type of carbonate species is identified as a reaction 
intermediate based on the experimental studies [170]. However, carbonate 
mechanism was seldom reported in the WGS reaction study.  
Table 2.5   Carbonate mechanism [169]. 
Step No. Elementary Step 
1. CO (g) + 2O* ↔ CO3** 
2. CO3**↔ CO3* + * 
3. CO3*↔ CO2 + O* 
4. H2O (g) ↔ H2O* 
5. H2O* + O*↔ 2OH* 
6. 2OH* ↔ 2O* + H2 
7. H2O* + * ↔ OH* + H* 
8. 2H* ↔ H2 (g) + 2* 
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2.5.2.4    Formate mechanism with redox regeneration  
 A combination of two reaction mechanisms such as formate 
mechanism with redox as the regeneration was proposed by Azzam et al. for a 
WGS reaction on Pt/TiO2 by utilizing kinetic transient pulse experiments 
[171-172]. They suggested that the formate species formed and dissociated 
into CO2 and H2 in the presence of CO alone, whereas the vacancy formed 
will be regenerated with H2O. This reaction mechanism was observed on 
Pt/ZrO2 catalyst. In addition, two mechanism routes are found on Pt/TiO2 
catalyst: redox mechanism and formate with redox regeneration.  
2.5.3 Catalyst active site 
Based on the above discussed reaction mechanism, the active site of 
catalyst remains a debate till to date. There are a few proposed catalyst active 
sites for various developed catalysts. These active sites are included: metal, 
mixed oxide, the interface of a metal and catalyst support and ionic metal-
substitution into catalyst support. Each of these active sites is discussed as 
follows.      
(a) Mixed oxide as active site 
 Fe-Cr mixed oxide catalyst was the commercially available catalyst 
used for high temperature WGS reaction. The active phase of this catalyst is 
the redox properties of Fe3O4 (magnetite) to Fe2O3 (haematite), comprising of 
a crystalline inverse spinel structure in octahedral lattice site [173]. The 
metallic iron species are found to be the active phase of the methanation 
reaction (consume hydrogen) and produced hot spots in the reactor.  
(b) Metal as active site 
For Cu-based catalyst, a few research groups such as Prof. Campbell’s 
group, Prof. Ribeiro’s group and Prof. Chen’s group have proposed that metal 
as the active site for WGS reaction. For instance, Prof. Campbell’s group has 
studied the kinetics of the WGS reaction on a Cu(111) single crystal surface 
and found that metallic Cu is the active site [173]. Prof. Ribeiro’s group has 
reported that Cu is the active site for Cu/ZnO/Al2O3 with the kinetic 
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measurement. He also revealed that metallic corner atoms in gold clusters on 
rutile [174], metallic Pt as active site on alkali-promoted supported catalyst 
[175] and determine Au active site and surface active species via operando 
transmission FTIR and isotopic transient experiments [176-177]. For instance, 
Chen et al. reported that metallic Cu supported on silica prepared by atomic 
layer epitaxy technique showed two major active sites: defect sites on Cu 
particles and sites where the strong interactions with the oxide support of 
highly dispersed or isolated Cu particles [39-40].  
(c) Metal-support interface 
 Bifunctional metal-support interface as active was supported by a 
number of research groups on Pt-based and Au-based catalysts. Prof. Gorte’s 
group studied WGS reaction on ceria-supported noble metal and claimed that 
the ceria structure plays a critical role to oxidize the CO adsorbed on the 
precious metal, while ceria is re-oxidized by water [179]. Prof. Davis’s group 
also presented that the interface between Pt and CeO2 is the active site for 
reaction to take place where CO adsorbed on metal while water dissociated on 
the oxygen vacancy of ceria to form bridging-OH. The reaction between CO 
and OH to yield formate as an active intermediate species [148-155]. Their 
findings are supported by Vignatti et al. who has used the in-situ DRIFTS to 
observe the intermediate species of surface bridging OH groups and formate 
intermediates species [180].  
Apart from the bifunctional mechanism observed on ceria support, 
Panagiotopoulou et al. reported that this phenomenon appears to be identical 
to the formation of formate via the interaction between CO and OH groups of 
the catalyst support [181]. Tibiletti et al. revealed that this phenomena 
occurred on the Pt supported on ZrO2 catalyst [182]. A in-situ DRIFTS 
cell/mass spectrometer system with the chemical steady state isotopic 
transients to identify the main reaction intermediate or spectators species in 
this bifunctional mechanism. Besides, Pt-support interface as the active site is 
also suggested by Azzam et al. on Pt-supported CeO2, ZrO2 and TiO2 for 
redox and formate reaction mechanisms [170-171]. Bifunctional mechanism 
also observed on Au-based, Pt-based and Cu-based support catalysts unveiled 
Chapter 2 - Literature Review 
31 
 
by Dr Rodriguez’s group [183-184]. Moreover, they have developed the 
inverse CeO2/CuO-Cu catalyst where the active phases are partially reduced 
ceria nanoparticles strongly interacting with metallic copper [185-189]. Strong 
metal-support interaction is frequently proposed to be the main reason in 
achieving the high catalytic activity. Recently, Bruix et al. unveiled the role of 
strong metal-support interaction to produce large electronic perturbations 
when the small Pt particles stay contact with ceria, enhancing the easiness of 
O-H bond dissociation in water [190]. This has once again shown the 
importance of metal-support interface for the WGS reaction to take place.  
(d) Ionic metal substitution in catalyst support silica/ceria 
Another new active site was revealed by Prof. Flytzani-
Stephanopoulos’s group in the WGS reaction is the nonmetallic Au and Pt 
species which are strongly associated with surface cerium oxygen groups 
[191]. In recent study, the author reported that the addition of small amounts 
of alkali ions enhanced the catalytic activity. They suggested the active site is 
a partially oxidized Pt-alkali-Ox(OH)y species [192]. Their works were further 
supported by Shinde and Madras, whose reported metal substituted into ceria 
host exhibited high catalytic activity due to the activation of lattice oxygen of 
ceria [136-137,193-194]. Additionally, Pd and Pt ions substituted on Ce-Zr 
prepared by solution combustion technique showed  excellent catalytic activity 
due to the formation of Bronsted acid-Bronsted base pairs on zirconia catalyst 
[195].  
2.6 Kinetic studies for water gas shift reaction 
Kinetic study is generally performed to validate the proposed reaction 
mechanism and to determine the kinetic parameters of the catalyst which can 
be scaled up for industrial application. Before the kinetic study to be carried 
out, special care is needed to be taken into considerations such as catalyst 
stability, internal and external mass transfer limitations, heat transfer 
limitations and product inhibitions. The catalyst should be free from catalyst 
deactivation for a period of times (a few hundred hour test run). The internal 
and external mass transfer and heat transfer should be eliminated and last but 
not least, the product inhibitions should be taken into considerations. There are 
Chapter 2 - Literature Review 
32 
 
several methods have been implemented to validate whether the kinetic study 
was performed under kinetically control region. The methods included Mears’ 
criterion, Weisz-Prater criterion and Koros-Nowak criterion [196-200]. An 
example of Koros-Nowak criterion will be explained in the up-coming section.     
2.6.1 Validation of mass transfer and heat transfer limitation (Koros-
Nowak) 
The most important step to perform the kinetic study is to ensure that 
the reaction conditions are no mass and heat transfer limitations. As reported 
by Koros-Nowak, the reaction rate is directly proportional to the concentration 
of the active material in the kinetic controlled regime. To illustrate this 
criterion, a few experimental checks are needed to be performed in order to 
validate the mass transfer and heat transfer limitations. Firstly, the amount of 
metal loading should be varied to ensure the reaction rates per metal surface 
area/mole of metal remain unchanged [125]. Secondly, two different operating 
conditions are tested to confirm again the possibility of external and internal 
mass transfer limitations [201]. The first condition is the catalyst amount and 
total flow rates are reduced with the same particle to maintain the same space 
velocity. The second condition is to sieve the catalyst to the lower particle size 
and the same space velocity is maintained. The results should show that under 
these two different operating conditions, the reaction rate should remain 
unchanged. Thirdly, two temperature zones are tested where the catalyst bed 
was operating at the constant volume and the reaction rate should measure 
where the extrapolated reaction rate from one temperature to another 
temperature zone showed the similar reaction rate, indicating that no heat 
transfer limitation was present at these reaction rates [202].       
2.6.2 Kinetic model (Power law) 
 Numerous kinetic models have been proposed for WGS reaction 
mechanisms. A simple power law model is generally used to support the 
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where β = ([PCO2][PH2])/(K[PCO][PH2O]) is the approach to equilibrium. The 
values for β is usually performed in the order of less than 0.2, to ensure the 
reaction was performed far from equilibrium. This model provides a rough 
estimation of the reaction order of the reactants and products in affecting the 
reaction mechanism. However, this model does not represent all the 
wholesome manner of the reaction mechanism. A detailed kinetic study with 
proposed elementary steps such as Eley-Rideal model and Langmuir-
Hinshelwood model should be used to propose the reaction mechanism which 
has been discussed in the previous section. Table 2.6 summarizes a few 
recently published reaction order of power law for a few catalysts. The 
magnitude of the reaction order of reactants and products provides an 
indication of whether the forward reaction is inhibited in the presence of 
product gases. As can be seen from the CuO/ZnO/Al2O3 catalyst, the 
magnitude of the products reaction order is high, in comparison with other 
catalysts. The reaction order may imply that the severity of the product 
inhibition to the forward reaction rate.     
Table 2.6   Literature values for reaction order measurements on water gas 
shift reaction. 
 
2.6.3 Experimental methods to identify the active/spectator intermediate 
species in water gas shift reaction.  
 Apart from the model fitting to the kinetic data, several experimental 






CO H2O CO2 H2 
10at%Cu-Ce(30at% La)Ox 450 0.8 0.2 -0.3 -0.3 [203] 
10at%Cu-Ce(8at% La)Ox 300 0.8 0.5 -0.5 -0.4 [203] 
8wt%CuO-CeO2 240 0.9 0.4 -0.6 -0.6 [125] 
CuO/ZnO/Al2O3 190 0.8 0.8 -0.9 -0.9 [125] 
2Pd2Zn/Al2O3 280 0.3 0.6 -0.1 -0.4 [204] 
Pd/CeO2 200-240 0 0.5 -0.5 -1.0 [205,206] 
Pt/CeO2-ZrO2 210-240 0.1 0.7 -0.2 -0.6 [207] 
Pt-Re/CeO2-ZrO2 210-240 -0.1 0.9 -0.1 -0.3 [207] 
Pt/Al2O3 285 0.1 1.0 -0.1 -0.5 [208] 
Pt/CeO2 200 -0.1 0.5 -0.1 -0.4 [208] 
Pt-Re/TiO2 (High CO) 300 0 0.8 0 -0.5 [209] 
Pt-Re/TiO2 (High CO2) 300 0.4 0.7 0 -0.4 [209] 
Pt/TiO2 210-270 0.5 1.0 0.0 -0.7 [210] 
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essentially needed to support the kinetic model and identified the “active” and 
“non-active” important intermediate species in WGS reaction. The 
experimental methods are discussed as follows with a few well-established 
water gas shift as examples.      
2.6.3.1    In-situ DRIFTS study 
 In-situ DRIFTS is a versatile spectroscopy tool used to observe and 
investigate the surface intermediate species adsorbed on the surface of 
heterogeneous catalyst under reaction conditions such as high temperature or 
high pressure [211]. In WGS reaction, in-situ DRIFTS is widely applied to 
capture the intermediate species during the reaction.  Jacobs et al. revealed that 
the formate species observed from in-situ DRIFTS analysis was an important 
intermediate species formed during the WGS reaction on Pt/CeO2 under 
reformer condition [148-149,212-213]. This surface formate species were 
formed from the active bridging OH groups on the surface of ceria to react 
with CO adsorbed on Pt. The bridging OH groups and CO adsorbed on Pt 
were observed via in-situ DRIFTS analysis [153]. Abd El-Moemen et al. has 
also investigated the activity and deactivation of Au/CeO2 catalyst via in situ 
DRIFTS. They observed the formation of stable adsorbed reaction 
intermediates and side products such as different types of surface carbonates 
species, formates, hydroxyl group and carbonyl group on metal [214]. 
Although the in-situ DRIFTS spectroscopy is a very useful tool to be used in 
probing the reaction mechanism. However, a combination of in-situ and mass 
spectrometer should be performed to probe a reaction mechanism. The 
operando DRIFTS-mass spectrometer was developed and the importance 
explanation of this technique will be presented in the following section.  
2.6.3.2    Operando DRIFTS-Mass spectrometer study 
Operando DRIFTS-mass spectrometer study has been developed to 
study the reaction mechanism under reaction condition. Meunier et al. has 
modified a commercial DRIFTS cell for operando studies of heterogeneous 
catalytic reactions and showed that this cell provide useful information for 
both gaseous products and surface intermediates [215]. This technique is very 
useful to show a detailed study of catalyst under reaction conditions, 
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particularly for catalyst which may undergo chemical transformations during 
reaction conditions. This operando study is reviewed by Rodriguez et al. for 
WGS reaction on metal oxide catalyst [216].  
2.6.3.3  Steady-state Isotope Transient Kinetic Analysis-DRIFTS-MS  
(SSITKA-DRIFTS-MS) 
In recent years, an advanced isotope technique named SSITKA has 
been developed for kinetic studies of heterogeneous catalytic reactions which 
can gather important information on the different types of adsorbed reaction 
intermediates, coverages, surface lifetimes, activity distributions, and identify 
possible mechanism [217]. This technique provides a very important 
information especially for reaction mechanism studies to identify the 
intermediate species after a combination with in-situ DRIFTS and MS analysis.   
Prof. Meunier and Prof. Burch have implemented SSITKA-DRIFTS-
MS technique to study the water gas shift reaction mechanism. They have 
used this technique to identify the surface concentration of formate, carbonate 
and carbonyl species by quantitatively analyze each species using an isotopic 
study on Pt/CeO2 catalyst for forward and reverse WGS reaction [218]. Their 
works also emphasize the essential to use steady-state conditions to identify 
the true operando reactivity of the adsorbates and structure of the catalyst.  In 
their subsequent work, a quantitative analysis of the in-situ DRIFTS-SSITKA 
study of the WGS over a Au/Ce(La)O2 catalyst was investigated. They 
quantify the rate of exchange of reaction intermediate species to the product 
and the concentration of the surface species, indicating formates species 
detected by in situ DRIFTS are not the main reaction pathway due to the CO2 
formation rate was extremely higher than the formate decomposition rate 
[219]. A further study was performed to reassure the importance of 
quantitative analysis using operando DRIFTS data, isotopic exchanges and 
DRIFTS calibration curves to relate the concentration of formate species 
which are corresponding to the DRIFTS band intensity. An important 
concluding remark was made by them, indicating that the concentration of 
formates observed by DRIFTS was only a minor part of the CO2 produced 
under experimental conditions. This finding leads to a conclusion that 
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formates species seen on Pt/CeO2 and Au/CeZrO2 catalysts are playing a 
minor role in WGS reaction [220].  
Recently, Prof. Efstathiou’s group has also utilized SSITKA-DRIFTS-
MS technique to study the reaction mechanism of WGS reaction with varying 
several catalyst preparation parameters and reaction conditions such as the 
effect of Pt particle size, supports compositions and structures, reaction 
temperature and other parameters [93, 210, 221-223]. For example,  the effect 
of Pt particle size supported on CeO2 catalyst on important kinetic and 
mechanistic aspects, particularly the concentration and chemical structure of 
active adsorbed reaction intermediates for the WGS reaction was investigated 
via SSITKA-DRIFTS-MS technique [224]. Two main reaction paths, named 
as “carbon path” and “hydrogen path” are identified using D2O and 
13
CO 
isotope gases as labeling agent. By quantifiying the initial transient rates of 
reactions of adsorbed formate (-HCOO), they found that formate should not be 
an important intermediate and in agreement with Prof. Meunier and Prof. 
Burch findings. In contrast, a redox mechanism was proposed to be the main 
reaction pathway which involved the surface diffusion of oxygen species in 
affecting the reaction mechanism. To illustrate the surface diffusion of oxygen 




O isotopic exchange 
technique is a very useful technique to be used [225]. This technique can be 
also used to elucidate the reaction mechanisms involving mobility steps of O 
species particularly for redox mechanism. Based on the estimated 
concentration of 
18
O in the CO2 formation, a larger amount of CO2 formation 
from the 
18
O than the active -OH and -HCOO intermediate species. Therefore, 
a redox mechanism should be the dominant pathway for WGS reaction.      
2.7 Limitations of current high temperature water gas shift catalysts 
In high temperature WGS reaction, there are several limitations of the 
existing commercial catalyst. The first limitation is the presence of chromium 
species of the commercial catalyst which is used to prevent the over reduction 
of Fe species and stabilize the iron species in oxidized species. The toxicity 
and carcinogenic of chromium elements urgently require special attention to 
replace this element with another element which is more environmentally 
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friendly and better catalyst performance. Moreover, an active catalyst which is 
able to operate in severe operating conditions such as high gas hourly space 
velocity and low steam to carbon ratio are urgently required for the high 
temperature WGS reaction. In the fundamental studies, some key issues are 
needed to be addressed, particularly on the mechanistic aspects for WGS 
reaction. The different types of reaction mechanisms involved in various 
transition metal, the active intermediate species formed, the role of surface 
oxygen mobility in affecting the mobility of intermediate species are 
essentially needed to be investigated.         
2.8 Overview of catalytic membrane reactor (CMR) for pure 
hydrogen production  
 Catalytic membrane reactor (CMR) is a reactor combined with reaction 
and separation processes into a single unit. In comparison to a conventional 
reactor system alone, catalytic membrane reactor brings various potential 
advantages such as reduced unit operation costs (minimize the process unit), 
enhanced catalytic conversion and selectivities (shift the reaction equilibrium 
effect), reduced the energy lost in between each process and others [226]. 
CMR has been widely applied in a variety of reactions to hydrogen production 
such as methane steam reforming, hydrogenation reactions, water gas shift 
reaction and other hydrogen gases related processes [227-228]. Numerous 
hydrogen separation membranes have been developed and classified into 
several categories such as polymeric membranes, porous membranes, dense 
metal membranes and proton conducting membranes (ceramic membrane) 
[229-233]. The applications of different membranes are strongly depending on 
operation parameters such as temperature ranges, reaction conditions, 
selectivity, flux, cost and mechanical and chemical stability [226, 234-236]. 
Among all the hydrogen separation membranes, dense metal membranes are 
the most promising membrane materials to be applied for high temperature 
reactions such as high temperature WGS reaction due to the high purity 
hydrogen flux and infinite hydrogen selectivity.      
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2.8.1 Studies of dense metal membrane 
 High selectivity and permeability are the main advantages of dense 
metal membrane to be used as hydrogen separation membranes. Two 
membrane configurations named as unsupported and supported membranes 
have been developed. Unsupported membranes are the self-supported thin 
films which are able to stand alone for hydrogen separation, whereas the 
supported membranes are a thin film of dense metal membrane supported on 
porous ceramic or metallic structures. Due to the high costs and low hydrogen 
permeance of unsupported membranes, supported membranes are foreseen to 
be the promising applicable membranes in the industry. Among the dense 
metal membranes, palladium and palladium alloy membranes are the most 
commonly developed membranes and theirs research are intensively reviewed 
by Paglieri and Way [237]. They have discussed the issues faced in palladium 
membranes such as membrane durability, cost and fouling. Various methods 
employed to address these limitations are also highlighted in their review.   
2.8.1.1    H2 transport mechanism 
 The mechanism of hydrogen permeation via dense metal membranes 
obeys a solution-diffusion mechanism from a hydrogen rich atmosphere to a 
hydrogen lean atmosphere. The mechanism is divided into six main steps after 
the diffusion of molecular hydrogen to the membrane surfaces are followed as 
[229]: (i) reversible adsorption on the membrane metal surface; (ii) reversible 
dissociation of molecular hydrogen into hydrogen atoms; (iii) dissolution of 
hydrogen atom into the bulk metal; (iv) internal diffusion of hydrogen atom 
via bulk metal; (v) recombination of hydrogen atoms on the membrane metal 
surface to form molecular hydrogen at the hydrogen lean atmosphere; (vi) 
desorption of molecular hydrogen from the membrane metal surfaces. In this 
mechanism, two main rate determining steps are postulated depending on the 
membrane critical thickness. When a membrane thickness is above 20 μm, the 
permeation is limited by the membrane diffusion whereas the membrane 
thickness is below 20 μm, the surface dissociation is the rate determining step. 
Therefore, fabrication of thin and dense metal membrane are essentially 
needed and depended on the membrane fabrication techniques.   
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2.8.1.2    Pd membrane fabrication 
Several methods have been employed to prepare unsupported and 
supported Pd membrane, including physical vapor deposition (PVD), chemical 
vapor deposition (CVD), rolling/casting, magnetron sputtering, ion plating, 
electroless plating, electrodeposition and other techniques [237-238]. Each 
technique poses its own strengths and weakness, thus, it strongly depends on 
the features, configurations and structure of the membrane support and its 
applications. In our applications, hollow fiber membrane will be developed 
due to its high surface area to volume ratio, facile in high temperature sealing 
and simple preparation steps [239-240]. Therefore, electroless plating is 
shown to be the most appropriate and commonly used method to prepare 
dense Pd membrane particularly for the supported Pd membrane. This is 
mainly due to its low cost, low requirement of the equipment needed and high 
surface coverage of differential geometry of the membrane support as reported 
by Mallory and Hajdu [241]. The electroless plating process is a controlled 
autocatalytic deposition of a continuous film on a catalytic interface by the 
metastable Pd salt complexes and chemical reducing agent in the electroless 
plating solution. This is an electrochemical method which consists of two 
independent electrode reactions, cathodic partial reactions (reduction of metal 
ions) and anodic partial reactions (oxidation of reducing agent). To perform 
the electroless plating process, a sensitization-activation of the surface is an 
important step to be conducted to grow the support surface with Pd nuclei. 
This pre-coating process acts as the active site of deposition of the metastable 
Pd salt complexes. During the electroless plating process, the Pd deposition 
takes place according to the following autocatalytic reactions [242]:  




 + H2NNH2 + 4OH
-
  2Pdo + N2 + 4H2O 
2.8.2 CMR for water gas shift reaction 
The catalytic membrane reactor has been widely employed in WGS 
reaction to separate hydrogen and to enhance CO conversion due to the 
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thermodynamic limitations at high temperature. To develop a high 
performance catalytic membrane reactor, catalyst and hydrogen separation 
membrane are the two crucial factors needed to be taken into consideration 
[226]. Apart from these two factors, the configurations of catalytic membrane 
reactor and process variables (temperature, pressure, sweep gas, steam to 
carbon ratio) also need to be taken into consideration during the development 
of catalytic membrane reactor for WGS reaction [228]. These two factors will 
be discussed in the following section.  
2.8.2.1    Configuration of CMR for water gas shift reaction 
In the last decade, different types of membrane reactors have been 
employed for WGS reaction. The packed bed Pd-based membrane reactors are 
firstly used to study WGS reaction. In a packed bed membrane reactor, the 
catalyst is placed in the fixed bed configuration and either in contact with Pd 
membrane or separated with a layer of porous structure [243]. The main 
drawbacks this reactor configuration is the non-uniformity of the temperature 
zone and the mass transfer limitations. Thus, the fluidized bed membrane 
reactor and micro-membrane reactor are developed to overcome the 
limitations of the packed bed membrane reactor. The unique feature of 
fluidized bed for hydrogen production consists of a bundle of hydrogen 
membrane immersed in a catalytic bed in the turbulent zone. The main 
advantages of this fluidized bed membrane reactor included: (a) no internal 
mass and heat transfer limitations; (b) operated in an isothermal condition; (c) 
flexibility in membrane set-up and improved fluidized behavior [244]. Apart 
from the fluidized bed membrane reactor, a micro-membrane reactor is 
receiving a great interest due to the benefits of high packing density, improved 
mass and heat transfer, reduce the concentration polarization and highly 
intensification in small scale application. The details of the reactor 
configurations are reviewed by Gallucci et al. [226]. 
Pd-based membrane reactors have been widely investigated for 
hydrogen production over WGS reaction via the disc membrane reactor, 
tubular membrane reactor and hollow fiber membrane reactor. Devarajan and 
Pintauro reported that 20 μm thick of Pd membrane is developed and 
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supported on porous glass cylinder and showed a high CO conversion at low 
steam to carbon ratio [245] Basile et al. revealed that a tubular microporous 
ceramic supported with a thin Pd-based membrane at the external surface and 
the catalyst was filled in the lumen of the membrane reactor. This tubular 
membrane reactor  showed a complete WGS reaction conversion by using the 
Pd/Ag membrane [246]. In a recent study, Rahman et al. has developed a 
catalytic hollow fiber membrane reactor for the WGS reaction using 
CuO/CeO2 as catalyst and Pd membrane as the hydrogen separation membrane 
[247]. They showed that a 17% higher CO conversion than the corresponding 
thermodynamic equilibrium conversion is achieved at 500°C by using a 
catalytic hollow fiber membrane reactor. This shows an increasing trend of the 
application of hollow fiber membrane reactor in hydrogen due to several 
advantages as previously discussed. Interestingly, a microkinetic model 
reported by Ma and Lund illustrated that the rate of reaction was the limiting 
process in the membrane reactor, as compared to the permeation of hydrogen 
through the membrane [248]. This finding implies that catalyst development is 
still the most important criteria to achieve a high performance catalytic 
membrane reactor.  
2.8.2.2 Process variables on the operation of Pd-based CMR for water  
gas shift reaction 
To optimize the operating conditions in Pd-based membrane reactor 
during the WGS reaction, the process variables are needed to be analyzed in 
particular the effect of temperature, pressure, sweep gas and steam to carbon 
ratio. The influence of temperature on CO conversion has two opposite effects 
on the catalytic membrane reactor system. A temperature increase enhances 
the hydrogen permeating flux whereas it results a detrimental effect on the 
equilibrium CO conversion due to the WGS reaction is exothermic. Thus, 
there is a temperature window where at temperatures higher than 300°C is 
more appropriate to show the advantages of catalytic membrane reactor in 
WGS reaction as reported by several research groups [249-251]. As for the 
effect of pressure, an increasing of the pressure in the reaction system, higher 
the driving force for hydrogen permeating through the membrane; resulting 
enhances of CO conversion. There is no significant effect of WGS reaction 
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based on the thermodynamics of owing to no variation of the total number of 
moles in WGS reaction. Moreover, an optimal pressure should be applied 
during the WGS reaction, although increasing the reaction pressure increases 
the performance of catalytic membrane reactor; however, the operating costs 
also increase particularly the equipment costs. In addition, a few research 
groups have also reported that increase the operating pressure, only a minor 
increase in CO conversion [249-251].     
The role of sweep gas is also an important parameter which used to 
improve hydrogen permeation driving force by decreasing the hydrogen 
partial pressure on the permeate side, allowing high hydrogen permeation flux 
through the membrane. Inert gas and steam are generally, the two choices to 
be used. An optimal molar flow rate of the sweep gas is most to be selected. 
However, the operating costs are critically needed to be taken into account. 
Another important parameter, steam to carbon ratio is an economic parameter 
that many researchers are concerned with. Although at high steam to carbon 
ratio, high CO conversion is easily achieved, but the operating cost is also 
increased. According to Uemiya et al. findings, the CO conversion are only 
increased 4% when the ratio of steam to carbon ratio change from 1 to 5 [252]. 
Their findings indicate that this is not that critical to increase the steam to 
carbon ratio to achieve only 4% CO conversion increment. Hence, a low steam 
to carbon ratio should be adopted to reduce the operating cost. In a nutshell, a 
high performance catalytic membrane reactor for WGS reaction should be able 
to operate at low temperature without using sweep gas, medium pressure and 
low steam to carbon ratio.      
2.9 Limitations of CMR for water gas shift reaction 
 After reviewing the recently developed catalytic membrane reactor for 
WGS reaction, several challenges need to be overcome to further improve the 
catalytic membrane reactor. Fabrication of thin and defect-free Pd-based 
membranes with high hydrogen permeability, selectivity and mechanical 
stability coupled with the active, stable and selective catalyst (which has been 
presented in section 2.7) should be integrated to form a highly active and 
selective catalytic membrane reactor for high temperature WGS reaction. 
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CHAPTER 3 - EXPERIMENTAL AND APPARATUS 
In this chapter, the reactor system, experimental processes, catalytic 
activity measurement, kinetic measurement and catalyst characterization used 
in this study are explained in details. Due to the numerous methods are 
employed in the catalysts preparations, the details of the catalysts preparation 
methods will be described individually in the specific thesis chapters. 
3.1 Catalytic reaction system 
The catalytic reaction system used in this study is illustrated in Figure 
3.1. Water-gas shift reaction was conducted in a fixed-bed flow reactor system 
using ¼” OD stainless steel reactor. The reactor was placed inside a tube split 
furnace (Carbolite) and the reactor temperature was controlled by 2416 PID 
temperature controller. A blank stainless steel reactor was tested and showed 
no activity for water gas shift reaction. Deionized water was used as the vapor 
source supplied by a calibrated Shimadzu HPLC pump and vaporized in the 
pre-heated gas line which was kept at 150°C before entering the reactor. 50mg 
of the synthesized catalyst was sandwiched between quartz wool inside the 
reactor for each run and pre-reduced in with flowing hydrogen (10 ml/min) for 
an hour at the desired temperature. Purified helium was then used to purge the 
remaining hydrogen before reaction. The feed flow rate used was 50 ml/min, 
the gas mixture consisting of 5mol% of CO, 25%mol of H2O and the balance 
made up with helium. The reaction studies were performed in the temperature 
range from 300 to 500°C at a GHSV (gas hourly space velocity) of 
approximately 68,000 h
-1
. The effluent of the reactor was analyzed on-line 
using a HP6890 Series GC equipped with thermal conductivity detector and 
packed column (Hayesep D, 20ft x 1/8 in. SS, 100/120 mesh).  The readings 
were taken when the reaction reached steady state. 
 




Figure 3.1 Reaction system for water gas shift reaction 
3.2 Catalytic activity measurement 
The catalyst performances were evaluated by catalyst activity (mol %) and 
methane yield (mol %). The catalyst activity was presented as CO conversion 
(XCO) and defined as: 
 
 
Methane yield (YCH4) was defined as: 
 
For turnover frequency (TOF) calculations, the total gas flow rate of 
100ml/min with diluted catalyst (diluted with powder SiO2 quartz) was 
performed in order to keep the total CO conversion below 10% and minimize 
the mass transfer effects. The measurements were conducted at temperatures 
of 325 to 400°C. The TOF calculated was shown as: 
 
 





3.3 Kinetic measurement 
Kinetic study was performed with total CO conversion kept below 5-
10% by variation of catalyst concentration (diluted with silica powder). The 
high reactant flow rate was applied to lower the CO conversion in order to 
eliminate the mass transfer resistance.  Since the catalyst used in this study 
was nano-sized, the internal mass transfer resistance can be neglected. 
Measurements were taken at 25°C intervals for temperatures ranging from 350 
to 400°C. 5Ni5Cu/CeO2 catalyst was chosen to perform the kinetic 
measurement by changing the gas composition ranging from 2.5-10% CO, 5-
25% CO2, 10-55% H2O, 5-20% H2 and balance made-up by He. All the 
experiments were performed at atmospheric pressure. The material balance of 
carbon was calculated and the variation was within ±5% error. Once the 
reaction had reached steady-state, the kinetic measurements were determined. 
The rates of reaction were calculated using the following equation: 
 
 
3.4 Catalyst characterizations 
3.4.1 Specific surface area and pore size measurement 
The textural properties of catalyst supports and catalysts were 
measured by using N2 adsorption/desorption measurement (Quantachrome, 
Nova 4200e).  The specific surface area and pore size distributions were 
measured using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda 
(BJH) methods respectively. The catalysts were initially degassed under 
helium flowing at 250°C at a minimum of 12 hours to remove the impurities 
before measurement.  
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3.4.2 Inductive-Coupled Plasma-Mass Spectrometer (ICP-MS) 
measurement 
The metal content of each catalyst was measured on Agilent ICP-MS 
HP7500a. The catalyst was initially dissolved in a mixture of concentrated 
HNO3 and 30% H2O2 in the volumetric ration of (1:1) to ensure fully 
dissolving of catalyst, followed by filtering using a microfilter. The actual 
amounts of Ni and Cu on the catalysts were determined from the calibration 
curve using standard solutions of Ni and Cu. 
3.4.3 Pulse chemisorption for metal surface area and dispersion 
measurement 
For nickel metal dispersion study, the catalysts were firstly reduced at 
450°C for 1 hour and then purged under nitrogen gas environment to room 
temperature to remove the weakly chemisorbed hydrogen. Hydrogen pulse 
titration experiments were also performed using the Quantachrome ChemBET 
3000 TPD/TPR system where 250uL of H2 was used to perform pulse titration 
at 25°C. The H2 pulse titration was performed until the H2 peak had reached 
saturation. The amount of Ni atoms on the catalyst surface was calculated 
based on the amount of hydrogen adsorbed. It was assumed that one hydrogen 
molecule was adsorbed on two Ni atoms of the catalyst surface. For N2O pulse 
chemisorption, 250uL of purified 95% N2O was titrated using Quantachrome 
ChemBET 3000 TPD/TPR system coupled with ThermoStar, GSD 300 
(Quadstar 422), mass spectrometer (MS). The pulse N2O chemisorption is 
performed at 90°C in the presence of helium. The outlets of product gases 
were measured using ThermoStar MS and the pulse titration was stopped until 
the N2O decomposition was reached saturated. The catalysts were then cooled 
to room temperature and followed up by the H2-TPR to determine the amount 
of dispersed metals. One molecule of N2O is assumed to be adsorbed in 
stoichiometry of two atoms Cu and one atom of Ni on the catalyst surface. For 
the bimetallic catalysts, The stoichiometry ratio of Ni and Cu is based on the 
theoretical molar ratio of Ni and Cu in the catalyst sample. For instance, for 
5Ni5Cu/CeO2 catalyst, one molecule N2O can oxidize two Cu metals 
(2Cu+N2O Cu2O+N2) whereas one molecule N2O can only oxidize one Ni 
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metal (Ni + N2O  NiO + N2). A ratio of 0.5 multiplied by 1 (1 Ni metal) 
added with 0.5 multiplied by 2 (2 Cu metal) to normalize the surface area of 
Ni and Cu metal surface area was used. 
3.4.4 X-ray diffraction measurement 
The X-ray diffraction patterns of all the calcined and reduced catalysts 
were collected in a step-scan mode at 2θ of 20-60° and 40-54°, with a step size 
of 0.02°/s and scanning rate of 0.5 degrees per min on a Shimadzu XRD-6000 
powder diffractometer. Cu target Kα-ray (operating at 40kV and 30mA) was 
used as the X-ray source. The average crystal sizes were determined from the 
XRD peak broadening by the Scherrer’s equation, t = Kλ/FWHM cos θ, where 
t is the average dimension of crystallites along the [hkl] direction and λ is the 
wavelength of X-ray irradiation (1.543Å), θ is the position of the (hkl) 
diffraction peak, K is the Scherrer constant which is usually taken as 0.9 and 
FWHM is the line width at half maximum height.  
3.4.5 EXAFS measurement (Extended X-ray Absorption Fine Structure) 
 The Ni K-edge and the Cu K-edge EXAFS were measured sequentially 
in transmission mode at room temperature at Singapore Synchrotron Light 
Source (SSLS), XAFCA facility. A Si (III) double crystal was used to 
monochromatize the X-rays from the 700Mev electron storage ring. The 
measured samples were firstly mixed with Boron Nitride and pelletized into a 
10mm pellet and then reduced at 450°C under hydrogen for an hour. The 
reduced pellet was transferred to the glovebox and sealed with kapton tape to 
prevent samples from being exposed to air. Each sample was scanned 3 times 
to improve the signal to noise ratio of data and ensure the reliability of data. 
EXAFS data were examined by using the EXAFS analysis program, Winxas. 
Fourier transformation of K3-weighted EXAFS data were performed over the 
range K = 2-12 Å
-1
.  
3.4.6 H2 -Temperature-programmed reduction measurement (H2-TPR) 
Hydrogen-temperature programed reduction (H2-TPR) experiments 
were performed using Quantachrome ChemBET 3000 TPD/TPR system 
equipped with a thermal conductivity detector (TCD). 50mg of catalyst was 
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firstly degassed at 250°C for one hour with purified helium flushing. 
Thereafter, 5% of H2 in N2 gas mixture at a flow rate of 60ml/min was passed 
through the catalysts and the TPR profiles were obtained by heating the 
catalyst from ambient temperature to 950°C at a heating rate of 10°C/min. The 
output signal of the gas mixture was measured continuously using the TCD as 
a function of temperature and recorded by a microcomputer. 
3.4.7 CO-Temperature-programmed reduction\desorption-Mass 
Spectrometer measurement (CO-TPR/TPD-MS)  
Carbon monoxide-temperature programed reduction\desorption (CO-
TPR\TPD) experiments were performed using Quantachrome ChemBET 3000 
TPD/TPR system coupled with ThermoStar, GSD 300 (Quadstar 422), mass 
spectrometer (MS).  50mg of catalyst was firstly reduced at the desired 
temperature for one hour with purified H2 and then flushed with purified 
helium to ambient temperature. Thereafter, 5% of CO in He gas mixture at a 
flow rate of 60ml/min was passed through the catalyst and the TPR profiles 
were obtained by heating the sample from ambient temperature to 950°C at a 
heating rate of 10°C/min. The effluent gas was measured continuously using 
the MS. For CO-TPD-MS measurement, the catalyst was initially reduced at 
desired temperature for an hour and CO adsorbed at 400°C for an hour before 
being cooled down to ambient temperature. Purified helium was used to purge 
the physisorbed CO. The CO-TPD-MS measurement was started from ambient 
temperature to 950°C at a heating rate of 10°C/min under purified helium flow. 
The effluent gas was continuously measured using MS. 
3.4.8 Field-Emission Scanning Electron Microscope (FESEM) 
The morphology of the CeO2 catalyst support, reduced catalyst and 
spent catalyst was visually observed using a field emission scanning electron 
microscope (JEOL JSM-6700F). Prior to the analysis, the samples were pre-
coated with Pt with the sputtering times of 30s at 30 mA.  
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3.4.9 Field Emission Transmission Electron Microscopy - Energy 
Dispersive X-ray (FETEM-EDX) 
Field Emission Transmission Electron Microscopy (FETEM-EDX) 
was performed to observe the structure and size of the CeO2 catalyst supports, 
reduced catalysts and spent catalysts. The images of the samples were 
obtained using a JEOL JEM-2010 electron microscope, equipped with an 
OXFORD INCA EDS analyzer which was operating in the range of 100 to 
400k eV. Generally, the sample was dispersed ultrasonically in ethanol for 2 
min in order to obtain a homogenous dispersed solution. Then, a drop of the 
solutions was applied onto a coated carbon gold grid, followed by drying at 
60°C for 5min. 
3.4.10 X-ray Photoelectron Spectroscopy measurement (XPS) 
X-ray photoelectron spectroscopy (XPS) was performed on a Kratos 
AXIS Ultra using Monochromatized Al Kα as the X-ray source (1486.71 eV) 
at a constant dwell time of 100ms and pass energy of 40 eV. The X-ray source 
was run at a reduced power of 75 watts (15 kV and 5 mA). The working 
pressure in the analysis chamber was maintained at 5x10
-9
 Torr. The core level 
signals were obtained at a photoelectron take off angle of 90°. In the sample 
preparation, the catalyst was reduced and transferred immediately into a 
vacuum desiccator to prevent the oxidation of the reduced catalyst. Thereafter, 
the reduced catalysts were mounted on the standard sample stubs using 
double-sided adhesive tapes. All the binding energies were referenced to the C 
1s hydrocarbon peak at 284.50 eV.  
3.4.11 Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
measurement (DRIFTS)  
The fourier transform infrared spectrometer used was a Bruker V-70, 
equipped with a MCT detector. A reaction chamber (Harrick, Praying Mantis) 
fitted with ZnSe window, capable of operation at high temperature, served as 
the reactor for CO adsorption study. During the run, 50mg of catalyst was 
firstly activated by introducing purified H2 at the desired temperature for an 
hour. Thereafter, the chamber was cooled to 25°C with a flow of purified 
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helium to remove the remaining hydrogen. 5% of CO in purified helium was 
introduced into the reaction chamber to study the catalyst behavior starting 
from ambient temperature to 600°C with 50°C interval. At each temperature, 
100 scans were taken to improve the signal to noise ratio and to ensure the 
reproducibility of the steady state condition. For each spectrum, CO 
adsorption was taken after 15mins to ensure the steady-state condition. Scans 
were taken at a resolution of 4 to give a data spacing of 1cm
-1
.  
3.5 Catalytic membrane reactor system 
To polish the hydrogen produced from gasification product gases, a 
catalytic hollow fiber membrane reactor-water gas shift reactor is essentially 
needed to be developed in order to purify the hydrogen produced and 
enhanced the hydrogen yield via water gas shift reaction. The configuration of 
the catalytic hollow fiber membrane reactor is depicted in Figure 3.2. The 
catalytic hollow fiber membrane reactor (as shown in Figure 3.2) was wrapped 
with a heating tape and the reactor temperature was controlled by 3216 
eurotherm temperature controller. The total feed flow rate used was 50ml/min, 
the gas mixture consisting of 5mol% of CO and 5mol% of H2O and the 
balance made up with helium. The catalytic membrane reactor studies were 
performed in the temperature range from 300 to 500°C. The total amount of 
catalyst tested in both fixed-bed and catalytic hollow fiber membrane reactor 
was 50 mg. Two effluents of the reactor were analyzed intermittently on-line 
using a HP6890 Series GC equipped with thermal conductivity detector. The 
readings were taken when the reaction reached steady state. 
 
Figure 3.2 Schematic diagram of catalytic hollow fiber membrane reactor 
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3.6 Hydrogen permeance and selectivity measurement 
 The hydrogen permeance and selectivity were evaluated using the 
following equations: 
             
                                         
    
   
                                                                  
 
Single gas selectivity: 
            
            
            
 
The binary separation factor of         is defined as below: 
       
   
 
   
 
 
   





 refers to permeate side composition and x
R
 refers to retentate side 
composition.  
 The catalyst activity was calculated based on section 3.2. 
3.7 Pd-membrane characterizations 
3.7.1 Scanning Electron Microscope (SEM) 
The morphology of the membrane support, thickness of Pd-membrane 
and surface morphology of Pd membrane were observed using a scanning 
electron microscope (JEOL JSM-5600LV). Prior to the analysis, the samples 
were pre-coated with Pt with the sputtering times of 30s at 30 mA.  
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CHAPTER 4 - BIMETALLIC Ni-Cu CATALYST SUPPORTED ON 
CeO2 FOR HIGH TEMPERATURE WATER GAS SHIFT REACTION: 
SELECTIVE AND ACTIVE CATALYST 
In this chapter, bimetallic Ni-Cu catalyst supported on CeO2 is 
developed to suppress methanation reaction which is one of the side reactions 
in high temperature water gas shift reaction, particularly for nickel-based 
catalysts. A detailed study of Ni-Cu bimetallic catalyst supported on 
nanopowder CeO2 is extensively investigated to suppress the methanation 
reaction as well as maintain high WGS reaction rate. XRD, EXAFS, H2-TPR 
and XPS reveal the formation of Ni-Cu alloy, while CO-TPR-MS, CO-TPD-
MS and in-situ DRIFTS show the enhancement of CO adsorption on Ni-Cu 
alloy at high temperature.  The Ni-Cu/CeO2 catalyst with Ni/Cu ratio of 1 
exhibits high reaction rate with the least methane formation due to the 
formation of Ni-Cu alloy phase. The Ni-Cu alloy phase is found to be the 
active site for WGS reaction with methane suppression as Ni-Cu alloy can 
enhance CO adsorption which prevents CO dissociation during high 
temperature WGS reaction. Kinetic studies performed reveals that one-site 
carboxyl mechanism could be the main reaction pathway with formate as 
spectator.  
4.1 Introduction 
With the increasing demand for hydrogen [1-3] and progressively 
growing interest in fuel cell technology, especially in CO removal [4-6], water 
gas shift (WGS) reaction is becoming one of the key steps in converting CO 
and H2O into CO2 and H2. 
CO + H2O ↔ CO2 + H2   (∆H = -41.2kJ/mol) (Eq. 4.1) 
This reaction is slightly exothermic and favorable at low reaction temperatures 
due to thermodynamic limitations; however, its kinetics are limited at such 
temperatures. Therefore, WGS reaction is industrially performed in two 
stages. One at 350-450°C, named as a high temperature WGS reaction 
followed by low temperature WGS reaction at 200-250°C. Two types of 
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catalysts are commonly used for these two stages of WGS: Cu-Zn catalyst for 
low temperature WGS and Fe-Cr catalyst for high temperature WGS [7-9].  
In high temperature WGS reaction, Fe-Cr catalyst is the commercial 
catalyst of choice, and is conventionally and widely adopted in industrial 
applications. However, the carcinogenic nature and toxicity of chromium 
compounds have encouraged researchers to replace it with alternative metal 
elements such as nickel, copper, rhenium, cobalt and others [10-12]. Nickel 
based catalysts are currently garnering great attention for use in WGS reaction 
especially for high temperature, because of its high CO conversion.  However, 
CO and CO2 hydrogenation (Eq 4.2 - 4.4) in methane formation are undesired 
side reactions, causing the retardation of nickel-based catalyst application in 
the industry [13].  
CO + 3H2 ↔ CH4 + H2O  (∆H = -205.8kJ/mol) (Eq 4.2) 
2CO + 2H2 ↔ CH4 + CO2  (∆H = -170.8kJ/mol) (Eq 4.3) 
CO2 + 4H2 ↔ CH4 + 2H2O    (∆H = -165kJ/mol) (Eq. 4.4) 
To circumvent these side reactions, numerous catalysts have been designed to 
suppress methane formation such as introducing a promoter or second metal. 
Alkali and alkaline metals are widely used as promoters for metal or noble 
metal catalysts to suppress methanation [14]. Hwang et al. [15] reported that 
potassium modified nickel catalyst enhances WGS activity and selectivity due 
to the increase in more active hydroxyl groups, which aid the formation of an 
intermediate compound. Pigos et al. [16] revealed that potassium doped 
Pt/ZrO2 enhances the stretching of C-H bond of reactive formate (an 
intermediate compound) and improved the formate decomposition rates. 
Panagiotopoulou and Kondarides [17] and Pazmiño et al. [18] also divulged 
that alkali, as a catalyst promoter is able to induce modifications in the 
physicochemical properties of the support and thus to provide dual-function 
sites for WGS reaction. Besides, Takenaka et al. [19] reported that large nickel 
metal size is also effective to promote methanation via CO decomposition.   
Introduction of second metals such as Fe, Cu or Re coupled with Ni is 
another type of catalyst synthesis approaches that is used to suppress methane 
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formation [20-21]. Lin et al. [22] unveiled that formation of Ni-Cu alloy is 
able to suppress methane formation. This shows that the alloy structure plays 
an important role in methane suppression. Transition metal alloys are 
generally used in heterogeneous catalysis reactions due to their unique 
properties, as compared to pure transition metals. In fact, the electronic and 
geometric structures of alloy structures have great effects towards catalyst 
reactivity and selectivity [23-24]. Ni-Cu alloys are currently receiving great 
interests in many chemical reactions such as steam reforming of 
methane/ethanol/dimethyl ether, methane decomposition, and hydrogenation 
reactions using CO2, CO and dimethyl oxalate and others [25-29]. Rogatis et 
al. [30] reported that Ni-Cu alloy catalyst is able to improve catalyst stability 
in steam reforming of ethanol reaction. Chen and Lin [31] also showed that 
interaction between Ni-Cu is able to achieve high performance in ethanol and 
acetaldehyde conversion, as well as high selectivity and stability.  However, 
the role of Ni-Cu alloy in methane suppressing during WGS is still not clearly 
defined. In order to understand the unique properties of Ni-Cu alloy in 
catalyzing high temperature WGS reaction, the mechanism of WGS should be 
extensively investigated.  
WGS reaction generally follows two reaction mechanisms in high 
temperature ranges: association mechanism and redox/regenerative 
mechanism. Various monometallic transition metals may catalyze WGS in 
following different reaction mechanisms. For instance, copper supported on 
ceria and nickel supported on ceria are found to follow redox mechanism [32-
34]. In contrast, Barrio et al. reported that Ni-Ce nano-material is an active 
catalyst in hydrogen formation via formate-carbonate route [35]. In a recent 
study, Shinde and Madras [36] also disclosed that multi-component ceria such 
as Ni-Cu modified ceria and Fe-Cu modified ceria show high activity due to 
the ionic substitution into ceria, which also follow a redox reaction 
mechanism. However, the WGS reaction mechanism for Ni-Cu alloy catalyst 
supported on ceria is still not clearly investigated. 
In the present study, the effect of Ni/Cu ratio supported on ceria nano-
powder is extensively studied to understand the roles of Ni-Cu alloy:  (i) 
catalyzing high temperature WGS reaction and (ii) suppressing methane 
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formation. In addition, in-situ DRIFTS and mass spectroscopy were used and 
a kinetic study performed to elucidate the possible reaction mechanism for Ni-
Cu alloy catalyst in the high temperature WGS reaction.  
4.2. Experimental 
4.2.1 Catalysts preparation 
The starting metal sources were CeO2 nano-powder (Sinopharm 
Chemical Reagent, particle size =100-200 nm, surface area ≈ 90 m2/g), 
Cu(NO3)2.3H2O (Sigma-Aldrich, 99.99%) and Ni(NO3)2.6H2O (Sigma-
Aldrich, 99.99%). In the catalyst preparation, 4g of CeO2 nano-powder 
support was added into a mixed solution of copper (II) nitrate tri-hydrate and 
nickel (II) nitrate hexa-hydrate which corresponds to 10% wt of the ceria 
support. The 10% wt loading of metal nitrate was made up from the molar 
ratio of nickel to copper. The mixed solution was stirred at 80°C until the 
water was fully vaporized and kept overnight at 100°C in a convection oven. 
This was followed by calcination in air at 450°C for 4 hours. The molar ratio 
of copper and nickel was varied from 0 to 1. The notations of nickel to copper 
molar ratio were denoted as xNiyCu (eg. 10Ni, 9Ni1Cu, 5Ni5Cu,1Ni9Cu 
and10Cu).  
4.2.2 Catalysts characterizations 
The X-ray diffraction patterns of all the reduced catalysts were 
collected in a step-scan mode at 2θ of 40-54°, with a step size of 0.02°/s and 
scanning rate of 0.5 degrees per min on a Shimadzu XRD-6000 powder 
diffractometer. Cu target Kα-ray (operating at 40kV and 30mA) was used as 
the X-ray source. The average crystal sizes were determined from the XRD 
peak broadening by the Scherrer’s equation, t = Kλ/FWHM cos θ, where t is 
the average dimension of crystallites along the [hkl] direction and λ is the 
wavelength of X-ray irradiation (1.543Å), θ is the position of the (hkl) 
diffraction peak, K is the Scherrer constant which is usually taken as 0.9 and 
FWHM is the line width at half maximum height.   
Quantachrome Nova 4200e was used to measure the surface area of 
each catalyst by employing the multipoint BET measurement. The catalysts 
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were initially degassed at 250°C for a minimum of 12 hours before the BET 
surface area measurement was conducted.  
The metal content of each catalyst was measured on Agilent ICP-MS 
HP7500a. The catalyst was initially dissolved in a mixture of concentrated 
HNO3 and 30% H2O2 in the volumetric ration of (1:1) to ensure fully 
dissolving of catalyst, followed by filtering using a microfilter. The actual 
amounts of Ni and Cu on xNiyCu/CeO2 catalyst were determined from the 
calibration curve using standard solutions of Ni and Cu. 
For nickel metal dispersion study, the catalysts were firstly reduced at 
450°C for 1 hour and then purged under nitrogen gas environment to room 
temperature to remove the weakly chemisorbed hydrogen. Hydrogen pulse 
titration experiments were also performed using the Quantachrome ChemBET 
3000 TPD/TPR system where 250uL of H2 was used to perform pulse titration 
at 25°C. The H2 pulse titration was performed until the H2 peak had reached 
saturation. The amount of Ni atoms on the catalyst surface was calculated 
based on the amount of hydrogen adsorbed. It was assumed that one hydrogen 
molecule was adsorbed on two Ni atoms of the catalyst surface. For N2O pulse 
chemisorption, 250uL of purified 95% N2O was titrated using Quantachrome 
ChemBET 3000 TPD/TPR system coupled with ThermoStar, GSD 300 
(Quadstar 422), mass spectrometer (MS). The pulse N2O chemisorption is 
performed at 90°C in the presence of helium. The outlets of product gases 
were measured using ThermoStar MS and the pulse titration was stopped until 
the N2O decomposition was reached saturated. The catalysts were then cooled 
to room temperature and followed up by the H2-TPR to determine the amount 
of dispersed metals. One molecule of N2O is assumed to be adsorbed in 
stoichiometry of two atoms Cu and one atom of Ni on the catalyst surface. For 
the bimetallic catalysts, The stoichiometry ratio of Ni and Cu is based on the 
theoretical molar ratio of Ni and Cu in the catalyst sample. For instance, for 
5Ni5Cu/CeO2 catalyst, one molecule N2O can oxidize two Cu metals 
(2Cu+N2O Cu2O+N2) whereas one molecule N2O can only oxidize one Ni 
metal (Ni + N2O  NiO + N2). A ratio of 0.5 multiplied by 1 (1 Ni metal) 
added with 0.5 multiplied by 2 (2 Cu metal) to normalize the surface area of 
Ni and Cu metal surface area was used. 
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 The Ni K-edge and the Cu K-edge EXAFS were measured sequentially 
in transmission mode at room temperature at Singapore Synchrotron Light 
Source (SSLS), XAFCA facility. A Si (III) double crystal was used to 
monochromatize the X-rays from the 700Mev electron storage ring. The 
measured samples were firstly mixed with Boron Nitride and pelletized into a 
10mm pellet and then reduced at 450°C under hydrogen for an hour. The 
reduced pellet was transferred to the glovebox and sealed with kapton tape to 
prevent samples from being exposed to air. Each sample was scanned 3 times 
to improve the signal to noise ratio of data and ensure the reliability of data. 
EXAFS data were examined by using the EXAFS analysis program, Winxas. 
Fourier transformation of K3-weighted EXAFS data were performed over the 
range K = 2-12 Å
-1
.  
Hydrogen-temperature programed reduction (H2-TPR) experiments 
were performed using Quantachrome ChemBET 3000 TPD/TPR system 
equipped with a thermal conductivity detector (TCD). 50mg of catalyst was 
firstly degassed at 250°C for one hour with purified helium flushing. 
Thereafter, 5% of H2 in N2 gas mixture at a flow rate of 60ml/min was passed 
through the catalysts and the TPR profiles were obtained by heating the 
catalyst from ambient temperature to 950°C at a heating rate of 10°C/min. The 
output signal of the gas mixture was measured continuously using the TCD as 
a function of temperature and recorded by a microcomputer. 
Carbon monoxide-temperature programed reduction\desorption (CO-
TPR\TPD) experiments were performed using Quantachrome ChemBET 3000 
TPD/TPR system coupled with ThermoStar, GSD 300 (Quadstar 422), mass 
spectrometer (MS).  50mg of catalyst was firstly reduced at 450°C for one 
hour with purified H2 and then flushed with purified helium to ambient 
temperature. Thereafter, 5% of CO in He gas mixture at a flow rate of 
60ml/min was passed through the catalyst and the TPR profiles were obtained 
by heating the sample from ambient temperature to 950°C at a heating rate of 
10°C/min. The effluent gas was measured continuously using the MS. For 
CO-TPD-MS measurement, the catalyst was initially reduced at 450°C for an 
hour and CO adsorbed at 400°C for an hour before being cooled down to 
ambient temperature. Purified helium was used to purge the physisorbed CO. 
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The CO-TPD-MS measurement was started from ambient temperature to 
950°C at a heating rate of 10°C/min under purified helium flow. The effluent 
gas was continuously measured using MS. 
X-ray photoelectron spectroscopy (XPS) was performed on a Kratos 
AXIS Ultra using Monochromatized Al Kα as the X-ray source (1486.71 eV) 
at a constant dwell time of 100ms and pass energy of 40 eV. The X-ray source 
was run at a reduced power of 75 watts (15 kV and 5 mA). The working 
pressure in the analysis chamber was maintained at 5x10
-9
 Torr. The core level 
signals were obtained at a photoelectron take off angle of 90°. In the sample 
preparation, the catalyst was reduced and transferred immediately into a 
vacuum desiccator to prevent the oxidation of the reduced catalyst. Thereafter, 
the reduced catalysts were mounted on the standard sample stubs using 
double-sided adhesive tapes. All the binding energies were referenced to the C 
1s hydrocarbon peak at 284.50 eV.  
The fourier transform infrared spectrometer used was a Bruker V-70, 
equipped with a MCT detector. A reaction chamber (Harrick, Praying Mantis) 
fitted with ZnSe window, capable of operation at high temperature, served as 
the reactor for CO adsorption study. During the run, 50mg of catalyst was 
firstly activated by introducing purified H2 at 450°C for an hour. Thereafter, 
the chamber was cooled to 25°C with a flow of purified helium to remove the 
remaining hydrogen. 5% of CO in purified helium was introduced into the 
reaction chamber to study the catalyst behavior starting from ambient 
temperature to 600°C with 50°C interval. At each temperature, 100 scans were 
taken to improve the signal to noise ratio and to ensure the reproducibility of 
the steady state condition. For each spectrum, CO adsorption was taken after 
15mins to ensure the steady-state condition. Scans were taken at a resolution 
of 4 to give a data spacing of 1cm
-1
.  
4.2.3 Catalysts activity 
Water-gas shift reaction was conducted in a fixed-bed flow reactor 
system using ¼” OD stainless steel reactor. The reactor was placed inside a 
tube split furnace (Carbolite) and the reactor temperature was controlled by 
2416 PID temperature controller. A blank stainless steel reactor was tested and 
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showed no activity for water gas shift reaction. Deionized water was used as 
the vapor source supplied by a calibrated Shimadzu HPLC pump and 
vaporized in the pre-heated gas line which was kept at 150°C before entering 
the reactor. 50mg of the synthesized catalyst was sandwiched between quartz 
wool inside the reactor for each run and pre-reduced in with flowing hydrogen 
(10 ml/min) for an hour at 450°C. Purified helium was then used to purge the 
remaining hydrogen before reaction. The feed flow rate used was 50 ml/min, 
the gas mixture consisting of 5mol% of CO, 25%mol of H2O and the balance 
made up with helium. The reaction studies were performed in the temperature 
range from 300 to 500°C at a GHSV (gas hourly space velocity) of 
approximately 68,000 h
-1
. The effluent of the reactor was analyzed on-line 
using a HP6890 Series GC equipped with thermal conductivity detector and 
packed column (Hayesep D, 20ft x 1/8 in. SS, 100/120 mesh).  The readings 
were taken when the reaction reached steady state. These reaction conditions 
were performed for pure water gas shift reaction to calculate the methane yield 
and stability test. The stability test was shown in the Appendix A.   
The catalyst performances were evaluated by catalyst activity (mol %) and 
methane yield (mol %). The catalyst activity was presented as CO conversion 
(XCO) and defined as: 
 
Methane yield (YCH4) was defined as: 
 
For turnover frequency (TOF) calculations and reaction rates studies, the total 
gas flow rate of 100ml/min with diluted catalyst (diluted with powder SiO2 
quartz) was performed in order to keep the total CO conversion below 10%. 
The measurements were conducted at temperatures of 325 to 400°C. The TOF 
calculated was shown as: 
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The N2O chemisorption technique is commonly used to estimate the metal 
dispersion and surface area of monometallic Ni or Cu supported on CeO2. 
However, an overestimation of metal surface area is possibly occurred due to 
the partially reduced of ceria in the presence of Ni or Cu metal [37]. 
Therefore, the metal surface area is estimated from the crystal size calculated 
using Scherrer equation obtained from the XRD measurement. A spherical 
shape of metal particle size is assumed in metal surface area calculations.  
4.2.4 Kinetic measurement 
Kinetic study was performed with total CO conversion kept below 
10% by variation of catalyst concentration (diluted with quartz silica powder). 
Koros-Nowak test was used to evaluate the possibility of the mass and heat 
transfer limitations (shown in Appendix A) for pure water gas shift 
measurement. Measurements were taken at 25°C intervals for temperatures 
ranging from 325 to 400°C. 5Ni5Cu/CeO2 catalyst was chosen to perform the 
kinetic measurement by changing the gas composition ranging from 2.5-10% 
CO, 5-25% CO2, 10-55% H2O, 5-20% H2 and balance made-up by He. The 
apparent reaction order measurement was also performed at these reaction 
conditions at 375°C. All the experiments were performed at atmospheric 
pressure. The material balance of carbon was calculated and the variation was 
within ±5% error. Once the reaction had reached steady-state, the kinetic 
measurements were determined. The rates of reaction were calculated using 
the following equation: 
 
4.3. Results and discussions 
4.3.1 Catalysts characterizations 
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4.3.1.2    X-ray diffraction measurement  
Figure 4.1 (a) presents the XRD pattern of fresh xNiyCu/CeO2 
catalysts under ambient condition.  The distinct and major peak of fluorite-
type oxide structure of CeO2 (JCPDS 34-0394) is observed for all the CeO2 
supported catalysts. There are two diffraction peaks at 2θ of 35.7° and 39° 
seen in 10Cu/CeO2 and 1Ni9Cu/CeO2 which correspond well to CuO (JCPDS 
05-0661). Similarly, the two diffraction peaks at 2θ = 37.3° and 44.3° found in 
10Ni/CeO2 and 9Ni1Cu/CeO2 corresponded to NiO (JCPDS 78-0643). 
However, CuO and NiO phases are not found in 5Ni5Cu/CeO2 catalyst. This 
indicated that the copper oxide species and nickel oxide species are either 
highly dispersed or formed a solid solution in ceria [38]. 
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Figure 4.1 XRD pattern for (a) fresh and (b) reduced xNiyCu/CeO2catalysts. 
 
Figure 4.1 (b) shows the reduced catalyst of xNiyCu/CeO2 collected 
from the diffraction angle from 40-54° under ambient conditions. The reduced 
10Ni/CeO2 and 9Ni1Cu/CeO2 catalysts exhibit the major nickel metal 
diffraction at 44.6° and 51.9° (JCPDS 04-0850) whereas 10Cu/CeO2 and 
1Ni9Cu/CeO2 exhibit the major copper metal diffraction at 43.4° and 50.6° 
(JCPDS 04-0836). The reduced 5Ni5Cu/CeO2 catalyst showed a diffraction 
peak located at the intermediary of copper metal and nickel metal, indicating 
the formation of Ni-Cu alloys which had also been observed by other research 
groups [22, 25]. The reduced 10Cu/CeO2 gives the largest crystal size (19.3 
nm) followed by the 1Ni9Cu/CeO2 catalyst (16.3 nm), which shows the 
second largest crystal size. Moreover, the reduced 10Ni/CeO2 catalyst exhibits 
crystal size of 14.9 nm with the addition of Cu inducing larger crystal size of 
15.4 nm. However, 5Ni5Cu/CeO2 catalyst exhibits the smallest Ni-Cu alloy 
crystal size of 12.0 nm. This may imply that there are strong interactions 
between Cu and Ni atoms in Ni-Cu alloy structure, which could have helped in 
preventing the sintering of Ni-Cu crystal size.   
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4.3.1.3    EXAFS measurement 
To further evaluate the possibility of Ni-Cu alloy formation, the K-
edge EXAFS spectra of Cu and Ni were performed and presented in Figure 
4.2. Figure 4.2 (a) displays the Cu K-edge of the reduced xNiyCu/CeO2 
catalyst for 10Cu, 1Ni9Cu and 5Ni5Cu catalysts, and the results indicate that 
the catalysts exhibit the Cu-Cu bond distance (without phase correction) of 
2.149Ǻ (Cu foil was used as the reference for Cu metal) except 5Ni5Cu/CeO2 
catalyst, which displayed a slight bond distance shift to 2.137Ǻ. Moreover, 
based on Figure 4.2 (b), Ni K-edge of reduced xNiyCu/CeO2 catalyst for 10Ni, 
9Ni1Cu and 5Ni5Cu clearly showed the Ni-Ni bond distance of 2.124Ǻ (Ni 
foil was used as the reference material for Ni metal) for all the catalyst 
excluding 5Ni5Cu/CeO2 catalyst which presented a higher bond distance 
shifted to 2.149Ǻ. As the only reason which can cause the decrease in Cu-Cu 
bond distance is that some Cu atoms were replaced by Ni. Thus, these EXAFS 
data provided an evidence of the existence of Ni-Cu alloy for reduced 
5Ni5Cu/CeO2 catalyst [39-40].   
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Figure 4.2 EXAFS analysis of the reduced xNiyCu /CeO2 catalysts of (a) Cu 
K-edge and (b) Ni K-edge. All spectra were recorded at 298K. 
 
4.3.1.4    H2-TPR measurement 
The reducibility of xNiyCu/CeO2 catalysts was investigated by TPR in 
H2. Figure 4.3 displays the reduction profile of the xNiyCu/CeO2 catalysts. 
There is a trace amount of H2 consumption observed on CeO2 support 
occurring from 400°C to 550°C.  These peaks are generally believed to be the 
surface oxygen lattice whereas those observed at reduction temperatures above 
550°C are usually referred to as bulk oxygen [41-42]. The 10Cu/CeO2 catalyst 
exhibited two major reduction peaks at around 200°C and 240°C. These two 
peaks would be assigned to the reduction of highly dispersed CuO nano-
particles on CeO2 at temperature around 200°C while another peak occurring 
at high temperature (above 200°C) is representative of the reduction of bulk 
CuO species [43-44]. Moreover, the 10Ni/CeO2 catalyst exhibited two 
reduction peaks at 271°C and 357°C which indicated that the addition of Ni to 
CeO2 has significantly increased the surface CeO2 reducibility, seen by the 
shifting of the reduction peak from 552°C to 271°C. This effect indicates that 
the interactions between nickel and cerium oxide support enhances ceria 
reducibility [45]. Another broad peak appears for the 10Ni/CeO2 catalyst at 
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357°C, indicating the reduction of Ni
2+
 to metallic Ni
o
. In addition, no distinct 
peak, which is normally attributed to the reduction of Ni
2+
 into the host of 
ceria, was found at higher temperatures (425°C-450°C). This meant that nickel 
did not integrate into the ceria fluorite structure; it may have only interacted to 
a limited extent on ceria.   
The combination of Ni and Cu with different ratios supported on CeO2 
has significantly decreased the reduction temperature of Ni and Cu. This 
improvement suggests the presence of the synergistic effect between metal 
oxides, which decreases the crystallite size. This has been confirmed by the 
XRD data. Furthermore, 5Ni5Cu/CeO2 catalyst shows the lowest reduction 
temperature as compared to other catalysts. This may imply that the strong 
interaction between Ni and Cu enhanced the reducibility of both Ni and Cu 
species [46-47].  























Figure 4.3 TPR-H2-Consumption for fresh xNiyCu/CeO2 catalysts. 
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4.3.1.5    XPS measurement 
X-ray photoelectron spectroscopy was utilized to investigate the nature 
and surface exposure of nickel and copper species for reduced xNiyCu/CeO2 
catalysts. Figure 4.4 (a) shows the core level of Cu2p spectra of reduced 




 species should be 
assigned to 932.4 eV whereas the presence of Cu
2+
 species can be seen to 
exhibit the binding energy of 933.6 eV for the main photopeak, followed by 
the satellite lines of 941.0 eV [48]. The Cu2p spectra of reduced xNiyCu/CeO2 
catalysts show a main broad peak at around 932 to 933.8 eV. All the bimetallic 




 species except 10Cu/CeO2, which 
showed the presence of Cu
2+
 at 933.8 eV [49]. The reduced 10Cu/CeO2 
showed not only the presence of a large portion of Cu
2+
 species at 933.8 eV 




 species at 932.4 eV. With the 
replacement of second metal (Ni) into the Cu, the reducibility of CuO species 
(more metallic copper) is enhanced, and the binding energy is lowered. 
Furthermore, the ease of metallic copper formation increases along with nickel 
content. This indicates that the Ni-Cu bimetallic catalysts composed of well-
dispersed copper domains, which tend to be reduced easily as compared to 
larger particles, such as the larger copper crystalline present over a 10Cu/CeO2 
catalyst [33]. These results are in harmony with XRD pattern and H2-TPR 
results.   
Figure 4.4 (b) displays the Ni2p spectra of reduced xNiyCu/CeO2 





 species at 852.4 eV and 855.2 eV respectively. This indicates the 
existence of a fraction nickel in Ni
2+
 state in all the reduced catalysts. The 
reductions of all the catalysts were carried out at a temperature of 450°C. It 
had been demonstrated in TPR that all the catalysts could be reduced below 
450°C. Therefore, there are three possible explanations for Ni
2+
 species 
formation in these reduced samples. Firstly, re-oxidation of reduced Ni metals 




 species due to 
strong-metal support interaction and thirdly, small amounts of NiO species 
that were not fully reduced [50]. Force et al. and Kondarides et al. showed that 
the existence of strong-metal support interactions on CeO2 supported catalysts 
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is a possible phenomenon [51-52].  This is mainly due to the redox properties 
of CeO2 where the reduced Ni metals could have strong interaction with CeO2 
at the surface, synergistic effects keep a proportion of Ni in Ni
2+
 state. With 
the decrease in nickel loading for bimetallic catalyst, the BE of Ni2p is shifted 
lower same as observed in Cu2p spectra. This may imply the possibility of 
formation of Ni-Cu alloy or formation of smaller Ni-Cu bimetallic clusters 
[53].  Moreover, the surface compositions of reduced xNiyCu/CeO2 catalysts 
are presented in Table 4.1. It can be clearly seen that Ni-rich surface was 
found for 9Ni1Cu whereas that for 5Ni5Cu and 1Ni9Cu catalysts were 
observed to be Cu-rich. As the ratio of Ni/Cu approaches 1, copper had a 
tendency to be segregated in order to minimize the interface surface energy as 
reported by Naghash et al. [49].   
Figure 4.4 (c) presents the Ce3d core-level spectra of reduced 
xNiyCu/CeO2 catalysts. Core-level Ce 3d spectra are a fairly complex 




 derived modes, deviating 
from the ideal stoichiometry. The structures consist of six peaks labeled as v 
(882.6eV), v’’ (889.1eV), v’’’ (897.1eV), u (901.2 eV), u’’ (907.7eV) and u’’’ 
(951.1eV), and are characteristic of CeO2. In contrast, another four peaks 
labeled as vo (880.8eV), v’ (886.9eV), uo (899.3eV) and u’(905.8eV) belong to 
Ce2O3 [33, 54-55]. For all the reduced bimetallic xNiyCu/CeO2 catalysts, 
significant binding energy shifts toward the higher region as compared to the 
pure CeO2 nano-powder is shown. This indicates the possibility of 
incorporation of Ni and Cu species into CeO2 lattice, resulting in the 
imbalance of electric charge and lattice distortion of CeO2. Thus, oxygen 
vacancies are generated, allowing for adsorption of oxygen species on these 
vacancies [56]. This finding correlates well with the H2-TPR results, which 
demonstrated the shifting of the reduction temperature toward lower ranges 
with the presence of both Ni and Cu. This may support the finding that there is 
an interaction between either Ni or Cu with CeO2 in monometallic catalyst. In 
addition, the interaction between Ni and Cu with CeO2 was affected in the 
presence of both Ni and Cu metal, it could be due to the formation of Ni and 
Cu alloy structures as explained based on Cu2p and Ni2p spectra [57-58].  
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Figure 4.4 XPS spectra for (a) Cu2p, (b) Ni2p and (c) Ce3d. 
 
 
4.3.1.6 DRIFTS study of CO adsorption on Ni/Cu Ration for bimetallic      
catalyst 
In order to understand the active surface species of WGS reaction, CO 
adsorption is performed to identify the active surface species for reduced 
xNiyCu/CeO2 catalyst using in-situ DRIFTS spectroscopy. The xNiyCu/CeO2 
catalysts were firstly reduced in-situ at 450°C and purged with helium to 
remove the physisorbed hydrogen before 5%CO in 95% helium gas was 
introduced to investigate the surface properties of catalyst from 25°C, 50°C to 
600°C with 50°C as the temperature interval. Table 4.2 summarizes the 
surface species observed during CO adsorption study. Each catalyst will be 
explained in detail as follows.  
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(i) Pure CeO2 
Figure 4.5 (a) depicts the DRIFTS spectra of CO adsorption study for 
the partially reduced CeO2 with continuous heating first at 25°C, and then 
from 50°C to 600°C at 50°C intervals, with 100 scans performed for each 
reading. There are several OH coordinated on Ce
3+
 observed after reduction of 
CeO2 and adsorption of CO at 25°C. Two types of hydroxyl group, type I and 
type II-A were observed using CeO2 nanopowder. As the temperature 
increased, the intensity of type II-A hydroxyl group is decreased whereas that 
of type I hydroxyl is increased [59-60]. In addition, as the temperature reached 
300°C, bidentate formate species started to appear at ceria (Ce3+ and Ce4+), 
with its intensity increased as the temperature rose, and reaching the highest 
intensity at 450°C. The bidentate formate species start to decompose into 
carbonate and H2 when the temperature increased above 450°C [61]. At low 
CO adsorption temperature, the bands situated at 1045, 1342 and 1560 cm
-1
 
are attributed to the naturally available unidentate carbonate, and the band 
observed at 863 cm
-1
 is ascribed to be attributed to π(CO3) mode of carbonates 
[62-63]. Several bands located at 1055, 1288 and 1560 cm
-1 
are observed at 
high CO adsorption temperature, designated to be bidentate carbonate species 
[16, 33].  
ii) 10Ni/CeO2 
Figure 4.5 (b) displays the DRIFTS spectra of CO adsorption study for 
reduced 10Ni/CeO2 catalyst. This catalyst shows two types of hydroxyl groups 
as observed in pure CeO2.  There is one band at 2060-2070 cm
-1
 which can be 
assigned to linear CO adsorbed on metallic Ni
 
at 250°C [64]. In addition, 
bidentate formate also appeared at lower adsorption temperature of 250°C and 
its intensity significantly lower than that observed with pure CeO2. This 
implies that the addition of Ni metal onto CeO2 is able to promote bidentate 
formate formation and decomposition at lower temperature as compared to 
pure CeO2.  
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(iii) 9Ni1Cu/CeO2  
With the substitution of 1 mole% of Ni with Cu, there is a significant 
change in CO adsorption for 9Ni1Cu/CeO2 catalyst as shown in Figure 4.5 (c). 
At 25°C, formation of the small absorption band at 2112 cm-1 is assigned to 
ν(C=O) vibration of Cu+-carbonyl species, which dissolved after 200°C [65]. 
As the temperature increased above 200°C, Ni0-carbonyl species are formed at 
250°C. Further increasing the temperature, CO adsorbed on Ni-rich Ni-Cu 
alloy is found at 400°C with the absorption band at 2024 cm-1 [66-67]. It is 
clearly seen that Ni
0
-carbonyl species appeared in higher intensity than those 
in pure 10Ni/CeO2 catalyst. 
(iv) 5Ni5Cu/CeO2 
DRIFTS spectra of CO adsorption study for 5Ni5Cu/CeO2 catalyst are 
illustrated in Figure 4.5 (d). The linear adsorption of CO on Cu
+
 is likely to be 
seen at 25°C which may indicate high dispersion of copper entities. As the 
temperature exceeds 200°C, Ni-Cu alloy is found and shows its thermal 
stability above 500°C with the absorption band from 2044-2017cm-1, with the 
red-shift of CO adsorbed on metallic Ni [66-67]. Furthermore, the intensity of 
Ni-Cu alloy for 5Ni5Cu/CeO2 catalyst is relatively higher than that of the 
9Ni1Cu/CeO2 catalyst, which suggests the presence of high density of Ni-Cu 
alloy phase, and also implies small Ni-Cu alloy crystal size. This result 
correlates well with the XRD pattern of reduced 5Ni5Cu/CeO2 catalyst, which 
is shown in Figure 4.1 (b).  
(v) 1Ni9Cu/CeO2 
With further increments of the amount of Cu substituted into Ni-based 
catalyst, it can be clearly seen in Figure 4.5 (e) that the Cu
+
-carbonyl species 
demonstrates high intensity at 2113cm
-1
 band. The formation of Ni-Cu alloy 
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Figure 4.5 (f) depicts the DRIFTS spectra of CO adsorption study for 
reduced 10Cu/CeO2 catalyst. The formation of a sharp absorption band at 
2118 cm
-1
 can be assigned as ν(C=O) vibration of Cu+-carbonyl species at 
25°C [65]. The absorption band reached its highest intensity at 100°C and 
disappeared after 150°C. A small intensity of the band around 2005 cm
-1
 then 
appeared at 150°C, after the band at the 2118 cm
-1
 had decreased. This band 
could be attributed to the reduction of Cu
+
 carbonyl to Cu
o
(CO)2 germinal 
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Figure 4.5 DRIFTS-CO adsorption study with different Ni/Cu ratio (a) CeO2, 
(b) 10Ni, (c) 9Ni, (d) 5Ni, (e) 1Ni, (f) 10Cu.  
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4.3.1.7    CO-TPR-MS analysis 
CO-TPR is one of the best probes in identifying surface oxygen 
species from the support in CO involved reactions such as water gas shift 
reaction, and is able to detect the finely dispersed Ni or Cu. In this study, all 
the catalysts were initially reduced in order to understand the CO behavior 
with the reduced catalysts and postulate the reaction mechanism of the water 
gas shift reaction. It has been reported by Zhu et al. that adsorbed CO may 
react with an OH group formed on partially reduced supports such as CeO2 
and TiO2 to form CO2 and H2 as shown in Eq. 4.5 [69]. Moreover, CO2 can 
also be produced via disproportionation of CO and oxidation of CO via 
surface lattice oxygen of CeO2, as shown in Eq. 4.6 and Eq. 4.7 respectively 
[70-71]. 
CO (ads) + 2 OH (support)  CO2 (g) + H2 (g) + OL (Eq. 4.5) 
2CO  CO2 + C      (Eq 4.6) 
CO + OL  CO2      (Eq 4.7) 
In the present study, four reduced catalysts (CeO2, 10Ni/CeO2, 
5Ni5Cu/CeO2 and 10Cu/CeO2) are chosen for CO-TPR study. Figure 4.6 (a) 
to (c) depict the CO consumed, CO2 produced and H2 produced for all the 
reduced catalysts. It can be clearly observed that 10Ni/CeO2 catalyst 
consumed and converted the most CO to CO2. This is followed by 
5Ni5Cu/CeO2 catalyst and 10Cu/CeO2 and then with CeO2 showing the lowest 
CO consumption. This indicates that nickel activated the oxygen storage of 
ceria to oxidize CO to CO2, showed by high CO conversion in WGS reaction. 
In addition, CO disproportionation on 10Ni/CeO2 could be possibly occurred 
as shown in CO adsorption spectra (Figure 4.5 (b)) where CO adsorbed on Ni 
will be dissociated at temperature higher than 250°C where metallic Ni is 
tended to dissociate CO. In contrast, 5Ni5Cu/CeO2 catalyst shows slightly 
lower CO consumption than 10Ni/CeO2 catalyst. This may possibly imply that 
the formation of Ni-Cu alloy structure, reduced the activation of CO from 
disproportionation (see Eq. (4.6)), preventing hydrogenation of C species into 
methane [72]. Based on Figure 4.6 (c), hydrogen evolved from surface water 
gas shift reaction implied that hydroxyl groups formed on partially reduced 
ceria participate in the water gas shift reaction and are reactive, particularly at 
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lower temperature (200 - 400°C); whereas at high temperature (above 400°C), 
surface lattice oxygen from the ceria support become dominant and are 
involved in the oxidation of CO in CO2 production.     
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Figure 4.6 CO-TPR with MS (a) CO consumption, (b) CO2 production, (c) H2 
production. 
 
4.3.1.8    CO-TPD-MS analysis 
From the CO-adsorption DRIFTS study (section 4.3.1.6), CO tends to 
adsorb strongly on Ni-Cu alloy metal, particularly at high temperature, 
preventing CO dissociation (as also postulated in section 4.3.1.7). CO was 
initially flowed over the catalyst at 400°C to ensure adsorption of CO onto the 
Ni-Cu alloy metal and then cooled-down to room temperature. Thereafter, the 
CO-TPD was performed under helium gas flow to determine the temperature 
at which CO was released. The result is shown in Figure 4.7 (a). Comparing 
the three different types of catalysts, 5Ni5Cu/CeO2 catalyst unveils the CO 
desorbed at the highest temperature followed by 10Ni/CeO2 catalyst and lastly 
10Cu/CeO2 catalyst. This result implies that CO is only able to desorb at a 
minimum of 500°C and desorption reached the peak at 700°C for 
5Ni5Cu/CeO2 catalyst. Therefore, it can be concluded that the formation of 
Ni-Cu alloy structure enhanced CO adsorption strength at high temperature by 
preventing CO from dissociating in the formation of carbon species (such as 
formate species) [73]. Moreover, the amount of CO desorbed from 
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5Ni5Cu/CeO2 catalyst (area under the curve) was significantly higher than the 
other catalysts, revealing the possibility of Ni-Cu alloy, which resulted in a 
high number of CO adsorption sites at high temperature.  
CO2 production behavior exhibits the same trend as CO desorption 
peak (Figure 4.7 (b)) with CO2 production trend following the sequence 
10Cu<10Ni<5Ni5Cu. There are several peaks observed for all the three 
catalysts at low temperature (100-350°C). This indicated that CO oxidation to 
CO2 by surface oxygen from ceria occurred at low temperature for all the 
catalysts whereas at high temperature (above 350°C), surface lattice oxygen 
from ceria was activated in oxidizing CO to CO2 particularly for 
5Ni5Cu/CeO2 catalyst (see Eq. (4.7)). This could be postulated that the 
formation of Ni-Cu alloy is able to enhance the mobility of surface lattice 
oxygen at high temperature and become a more activated step in WGS [74]. 
Based on Figure 4.7 (c), the amount of hydrogen evolved (area under the 
curve) increases in the sequence 10Cu<10Ni<5Ni5Cu. This can be possibly 
implied that the surface water gas shift reaction (see Eq. (4.5)) proceeds 
predominantly over 5Ni5Cu/CeO2 catalyst.   
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4.3.2 Catalytic activity and selectivity 
xNiyCu/CeO2 catalysts with different Ni to Cu molar ratio were tested 
in the present study. The fresh catalyst was firstly reduced in-situ at 450°C for 
1 hour in H2 prior to conducting the activity test for water gas shift reaction in 
the presence of product gases. The reaction rate of xNiyCu/CeO2 catalyst was 
determined from 325 to 400°C. Figure 4.8 (a) shows the Arrhenius plot as a 
function of temperature during water gas shift reaction in the presence of 
product gases over xNiyCu/CeO2 catalysts. The reaction rate and the apparent 
activation energy are tabulated in Table 4.3. In this work, the activation energy 
for all the catalysts fall in the range of 41.3 to 108.6 kJ/mole as reported in the 
literature [56, 75-79]. The reaction rate of the 5Ni5Cu/CeO2 catalyst exhibits 
almost similar rate as compared to the Cu/ZnO/La catalyst and Cu (111), 
showing slightly lower reaction rate than Pd-Zn/Al2O3 alloy catalyst [76-78]. 
10Ni/CeO2 and 9Ni1Cu/CeO2 catalysts shown in this work exhibit the lowest 
reaction rate as compared to other catalysts in the presence of product gases. 
Moreover, the formation of methane as the side product of CO hydrogenation 
is observed. Nickel based catalysts are reported to be an effective catalyst for 
methanation reactions such as CO or CO2 hydrogenation [22, 80].  With the 
replacement of Ni by small amount of Cu, methane formation is significantly 
reduced, from 5% to 1.5% at 350°C as shown in Figure 4.8 (b). Further 
increasing the content of Cu into the Ni based catalyst via synthesis of the 
5Ni5Cu/CeO2 catalyst, the methane formation was nearly zero. The 
5Ni5Cu/CeO2 catalyst shows high selectivity to water gas shift reaction. This 
may imply that Cu plays a significant role in preventing side reaction to 
proceed by coupling with Ni catalyst. These results may reveal the potential of 
formation of Ni-Cu alloy phase in methane suppression, which has been 
shown in the XRD pattern [81]. Moreover, hydrogen pulse chemisorption was 
performed to determine the nickel metal surface area and dispersion. It can be 
clearly observed from Table 4.1 that adding small amount of Cu reduced the 
nickel metal surface area and dispersion. This could be due to the formation of 
Ni-Cu alloy which reduced the hydrogen adsorbed on nickel metal, hence, 
reducing nickel metal surface area and dispersion [82]. 
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Figure 4.8 (a) Arrhenius Plot for the water gas shift reaction in the presence of 
product gases on xNiyCu/CeO2 catalysts from 325-400°C (7%CO, 22%H2O, 
10%CO2, 20%H2 and balance He), (b) Methane yield: reaction condition 
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4.3.3 The role of Ni-Cu alloy supported on CeO2 in methane suppression  
The replacement of Ni with a small amount of Cu has shown 
significant reduction in methane formation in high temperature water gas shift 
reaction. It is possibly due to the formation of Ni-Cu alloy on CeO2 and small 
metal crystal size as evidenced from XRD analysis and EXAFS analysis, 
which are in line with findings of Lin et al. [22, 40].  Furthermore, the 
interaction between Ni-Cu in the alloy formed has been supported by XPS 
analysis and H2-TPR. Ni-Cu alloy catalyst has its unique properties in 
reforming reactions as mentioned previously. In this study, a unique property 
of Ni-Cu alloy catalyst was highlighted particularly in methane suppression 
and selectivity toward water gas shift reaction. The increase in Cu loading has 
induced formation of high density Ni-Cu alloy phase, particularly in 
5Ni5Cu/CeO2. Besides, segregation of Cu on 5Ni5Cu/CeO2 catalyst could be a 
possible reason, because copper tends to segregate to the surface in order to 
minimize the interface surface energy [49]. In addition to this, it can be 
observed from the XPS surface composition analysis (shown in Table 4.1) that 
Ni to Cu ratio is around 0.9, implying Cu-rich Ni-Cu alloy is possibly formed. 
Although there is a segregation phase of copper species; however, the Ni-Cu 
alloy phase in methane suppression cannot be ruled out.  
The main role of Ni-Cu alloy phase in methane suppression was 
extensively investigated by in-situ DRIFTS CO-adsorption, CO-TPR-MS and 
CO-TPD-MS. The DRIFTS CO adsorption analysis implies the formation of 
surface Ni-Cu alloy at temperatures above 250°C for 5Ni5Cu/CeO2 catalyst. 
In contrast, for monometallic Cu and Ni catalysts, CO desorbed and CO 
dissociation occurred at temperature above 150°C [83] and 300°C 
respectively. Moreover, the formation of Ni-Cu alloy starting from 250°C 
shows a red-shift of the CO absorption band, leading to a weak CO bond [84]. 
This can be explained by the donation of d-electrons from copper to nickel, 
enhancing the reinforcement of the π-back-bonding from nickel to anti-
bonding 7π* orbitals of CO [67]. This was further supported by s-p-d 
rehybridization is proven to show both Ni and Cu gain a measureable amount 
of d charge in alloy formation. This is because the un-occupied d-band of Ni is 
filled by Cu whereas d band of Cu is full [85]. Additionally, this can be further 
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supported by CO-TPD-MS where it was observed that the formation of Ni-Cu 
alloy enhances CO adsorption at high reaction temperature. In recent study, 
Gan et al. also reported that CO activation is found favorable at high 
concentration of Ni loading in methane formation. With the Ni incorporated 
into Ni-Cu alloys, dispersed Ni ensembles with low coordination number are 
shown to be the barrier for C-O breaking, preventing methane formation [86]. 
In conjunction, it may also prevent the occurrence of CO dissociation on 
monometallic Ni. This phenomenon in turn prevents the formation of “carbon 
species” such as formate species, which are recognized to be an active 
intermediate species in methane formation via CO2 hydrogenation [87]. In 
addition, nickel-based catalysts are also known to be good candidates for 
inducing CO dissociation in the presence of H2 in CO hydrogenation to 
methane [73].  
Another interesting property of Ni-Cu alloy supported on CeO2 
catalyst is the activation of surface lattice oxygen mobility at high 
temperature. This is evidenced in CO-TPR-MS and CO-TPD-MS, where CO 
is oxidized by surface lattice oxygen (Eq. 4.7). This phenomenon was also 
reported by K. Watanabe et al. in Ni-Fe alloy catalyst [21]. Moreover, surface 
water gas shift reaction was observed to proceed predominantly for 
5Ni5Cu/CeO2 catalyst in hydrogen production as evidenced by the CO-TPR-
MS and CO-TPD-MS analysis. This could indicate that surface hydroxyl 
group played an important role in hydrogen production in the water gas shift 
reaction. In-situ DRIFTS analysis as shown in Figure 4.5 (d) also depicted the 
presence of surface hydroxyl species, carbonate species and bidentate formate 
species. These catalyst surface species allowed us to postulate the water gas 
shift reaction mechanism involving all the observed species. A kinetic study 
will be presented in the next section to verify the postulated water gas shift 
reaction mechanism and showed in the Appendix A.  
4.3.4 Kinetic study of the 5Ni5Cu/CeO2 catalyst 
In this section, a kinetic study was performed to postulate the possible 
reaction mechanism of 5Ni5Cu/CeO2 catalyst in high temperature water gas 
shift reaction. This is coupled with DRIFTS analysis results. Two distinct 
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reaction mechanisms named “redox” and “associative” have been widely 
reported in the literature. The redox mechanism involves CO oxidation by the 
adjacent adsorbed atomic O species, produced either from H2O dissociation or 
OH disproportionation [79, 88-89]. Conversely, the associative mechanism 
describes a reaction between the adsorbed CO and OH in the formation of 
intermediate species such as formate or carboxyl species which then 
decomposes into the WGS product gases [90-93]. Several groups have 
implemented characterization techniques to capture and prove these 
intermediate species. These methods include isotopic labeling, in-situ DRIFTS 
spectroscopy coupled with MS analysis, chemical trapping and micro-kinetic 
modeling studies [94-97]. In recent studies, several research groups have 
performed transient isotopic work and steady state isotope exchange 
measurements, with quantitative evidence [98-104]. Despite the number of 
detailed catalyst characterization techniques performed, the real reaction 
mechanism and active site of the catalysts still remain controversial. 
Transition metal and noble metal supported on ceria for the water gas 
shift reaction has been extensively studied in the literature [105-106]. Jacobs 
et al. reported that metal supported ceria with reduction of ceria surface 
formed germinal OH which reacted with adsorbed CO, yielding formate as 
intermediate species. Their findings showed the importance of formate species 
as a reactive intermediate and are further evidenced by SSITKA-DRIFTS 
method [107-108]. Another important mechanism, redox mechanism was 
generally proposed for ceria-mediated catalyst owing to its high surface 
oxygen mobility and oxygen storage capacity.  For example, Li et al. proposed 
that Cu- and Ni-containing cerium oxide catalysts follow a co-operative redox 
reaction mechanism [56]. Moreover, Shinde and Madras have developed an 
ionic substituted bimetallic Cu-Ni modified ceria catalyst, proposed to be 
following a redox reaction mechanism [36]. Apart from the redox and formate 
mechanisms, carboxyl, as a new reactive intermediate was proposed by 
Gokhale et al. using density functional theory (DFT-GGA) calculations [90]. 
This reaction mechanism could be a possible reaction and cannot be 
precluded. As evidenced from the DRIFTS analysis (discussed in section 
4.3.1.6), CO adsorbed on Ni-Cu alloy at high reaction temperature (400°C) as 
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well as bidentate formate species was observed during CO adsorption study 
for 5Ni5Cu/CeO2 catalyst. This could mean a few possible reaction 
mechanisms for this catalyst. First, a bidentate formate mechanism involving 
bidentate formate species as an active intermediate species or as a stable 
“spectator species”; alternatively, a redox mechanism could be a possibility as 
well due to the novel ceria characteristic of oxygen storage capacity and 
surface oxygen mobility; hence these two reaction mechanisms cannot be 
ruled-out. Furthermore, the carboxyl mechanism, proposed to be a possible 
mechanism particularly for Cu-based catalyst, also needs to be taken into 
consideration. Therefore, three relevant kinetic models (redox, bidentate 
formate, carboxyl) were derived and fitted to the obtained kinetic experimental 
data. The derivations of the kinetic models are shown in the Appendix A. 
Although one-site model was derived in fitting the three kinetic models, two-
sites model could probably provide a better fit due to the crucial role of ceria 
as catalyst support in the formation of intermediate species (formate species or 
carboxyl species) and its redox capability. For comparison, Ni-Cu supported 
on the non-reducible catalyst support (Al2O3) was tested with CO adsorption 
with increasing temperatures as shown in Figure S6. No formate species are 
formed during CO adsorption tested from 25°C to 500°C.  
The kinetic experimental data were firstly obtained via the effect of 
partial pressures of reactants (CO, H2O) and products H2, CO2) on the kinetic 
rate of WGS reaction at 375°C. The apparent reaction order measurement was 
also calculated based on the aforementioned kinetic rate. Figure 4.9 (a) shows 
the water gas shift reaction orders in CO, H2O, CO2 and H2 with the different 
partial pressure of the reactants and products. The reaction orders in CO, H2O, 
CO2 and H2 are found to be 0.95, 0.16, -0.34 and -0.19, respectively. As can 
be seen from the apparent reaction order of H2 and CO2, the product inhibition 
effects are relatively weak on 5Ni5Cu/CeO2 catalyst as compared to the 
reported Cu-based catalyst in the reported literature values (as summarized in 
Table 4.4). Our results also show a similarity of the reaction order with the 
reported Cu/CeLaOx catalyst, particularly for high temperature water gas shift 
reaction, indicating both CO2 and H2 weakly inhibit the reaction, adsorption of 
CO is relatively weak and hydroxyl group is fully saturated [109]. Moreover, 
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we have followed strictly on the published papers on the kinetic studies for the 
WGS reaction on copper, platinum and palladium catalysts with the co-feed of 
the reactants and products [11, 76, 79, 99, 109-112]. To quantitatively show 
the severity of product inhibitions toward the reaction rate, the difference in 
the Ea between the experiments with and without products (CO2, H2) in the 
feed is shown in the Figure 4.9 (b). Only a slight increase in Ea from 37.4 
kJ/mole (without products) to 41.3 kJ/mole (with products) is observed. This 
has once again supported our findings, implying weak inhibition of both 
product gases. The overall rate of this reversible reaction in a power rate law 
form of 5Ni5Cu/CeO2 catalyst was expressed in Eq. (4.8). The β is the 
approach to equilibrium and the values of β used in the present experiments 
were typically of the order of 0.02 - 0.2, indicating the WGS reaction was 
performed far from equilibrium.        
 
 (Eq. 4.8) 
where,   and  
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Figure 4.9 (a) Power law with the effects of CO, H2O, CO2 and H2 on water 
gas shift reaction rate over 5Ni5Cu/CeO2 catalyst, 375°C, (2.5-10%CO, 10-
55%H2O, 5-25%CO2, 5-20%H2 and balance He). (b) Arrhenius plot for water 
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The in-situ transient formate decomposition experiments have been 
conducted in the presence of steam at low and high temperature for 
5Ni5Cu/CeO2 catalyst (reducible support) as illustrated in Figure 4.10 (a) and 
(b). All the spectra shown in Figure 4.10 were collected when the steady-state 
condition had been reached. At 250°C, the catalyst surface was firstly 
saturated with high formate coverage (2950, 2842, 1582, 1370, 1331cm
-1
) 
upon CO adsorption. Thereafter, steam was introduced to investigate transient 
formate decomposition. Formate was observed to decompose to unidentate 
(1554, 1342cm
-1
), polydentate (1435, 1342cm
-1
) carbonate and small amount 
of CO2. It can be clearly seen that carbonate species are the major species 
presence on the catalyst surface. As the temperature increases to 400°C, the 
intensity of the formate species had ceased during CO adsorption. At this 
temperature, in the presence of steam, formate was converted to polydentate 
carbonate (1435, 1342cm
-1
) as the major compound. Besides, methane gas was 
not observed at 400°C. This shows that Ni-Cu alloy is a selective catalyst for 
water gas shift reaction.  
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Figure 4.10 In-situ transient formate decomposition spectra for 5Ni5Cu/CeO2 
catalyst with the operating conditions where the catalyst was initially reduced 
under pure hydrogen, cool it to 250°C and adsorbed 5%CO/95%He (shown in 
bold line). Dotted line spectra is after replacing 5%CO/95%He with saturated 
steam with helium. (a) C-H stretching and CO adsorbed species at high 
wavenumber (1800-3200cm
-1





To re-assure that the participation of formate species is only as the 
intermediate species, an in-situ transient formate decomposition experiment 
was performed for the second cycle right after the first cycle and illustrated in 
Figure 4.11 (a) and (b). All the spectra shown in Figure 4.11 were collected 
when the steady-state condition had been reached. Surprisingly, at 250°C, 
formate species was not seen after the second cycle of CO adsorption. CO was 
observed to be adsorbed on the NiCu alloy, in addition to presence of CO2 gas 
and the formation of the small amount of carbonate and carboxylate species. 
Thereafter, steaming step was shown to reduce the carbonate and CO2 gas 
formation. This may imply that formate species which can be observed in the 
first cycle could be the intermediate species at the initial stage or convert to 
carboxylate or carbonate, whereby the oxygen regeneration by ceria via redox 
mechanism could have taken place in the second step of CO adsorption [113-
115]. Although it was shown from the kinetic model that one-site model 
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carboxyl fitted well with the kinetic data (shown in Appendix A), the two-sites 
model reaction mechanism could be more appropriate due to the ceria being 
the active catalyst support in providing the active hydroxyl species and oxygen 
species. Moreover, there could still be other possibilities of reaction 
mechanisms which may occur beyond the postulated mechanism.  
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Figure 4.11 Second cycle of In-situ transient formate decomposition spectra 
for 5Ni5Cu/CeO2 catalyst with the operating conditions where the catalyst was 
initially reduced under pure hydrogen, cool it to 250°C and adsorbed 
5%CO/95%He (shown in bold line). Dotted line spectra is after replacing 
5%CO/95%He with saturated steam with helium. (a) C-H stretching and CO 
adsorbed species at high wavenumber (1800-3000cm
-1
) and (b) OCO 




4.4  Conclusions 
A few concluding remarks can be made from the present study for 
xNiyCu/CeO2 catalysts in the water gas shift reaction: 
(a) Different molar ratio of Ni and Cu was varied and extensively 
investigated to understand the role of Cu in suppressing methane 
formation. 5Ni5Cu/CeO2 catalyst exhibits high reaction rate and 
selective toward water gas shift reaction due to the formation of Ni-Cu 
alloy phase. These were evidenced by XRD, EXAFS, H2-TPR and 
XPS.  
(b) Further catalyst characterization techniques with XPS and in-situ 
DRIFTS CO temperature-programed adsorption analysis revealed, 
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strong metal-metal interactions in Ni-Cu bimetallic catalyst, red-shift 
of CO absorption band and, CO adsorption at high temperature, 
additionally proving the formation of Ni-Cu alloy. Strong CO 
adsorption strength at high adsorption temperature implied that the 
formation of Ni-Cu alloy prevents CO from dissociating and in turn 
preventing the formation of carbon species “formate”, which block the 
reaction active site and produces methane as an undesired side product. 
Moreover, surface lattice oxygen mobility of ceria is also activated 
with the formation of Ni-Cu alloy particularly at high reaction 
temperature.   
(c) Kinetic study has revealed that the possible dominant reaction 
mechanism for 5Ni5Cu/CeO2 catalyst proceeds via carboxyl 
mechanism; however, there could be other possibilities for the real 
reaction mechanism such as the combination of both carboxyl/redox 
and formate/redox. 
 
Supporting Information (Appendix A) 
Koros-Nowak test, constraints imposed on kinetic data fittings, elementary 
steps and kinetic models for one-site redox mechanism, bidentate formate 
mechanism, carboxyl mechanism and DRIFTS-CO adsorption study for 
5Ni5Cu/Al2O3 catalyst are attached in the supporting information (Figure S1-
S6 and Table S1-S6).  
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CHAPTER 5 - THE EFFECT OF CERIA CRYSTAL SIZES AS 
CATALYST SUPPORT FOR HIGH TEMPERATURE WATER GAS 
SHIFT REACTION: THE ROLE OF CeO2 CRYSTAL SIZE 
This chapter presents the CeO2 nano-spheres with controllable sizes 
have been successfully synthesized via PVP-assisted hydrothermal method to 
investigate the role of ceria primary crystal size as a thermally stable catalyst 
support for high temperature water gas shift reaction. A series of catalyst 
characterization techniques was implemented to investigate the intrinsic 
properties of ceria primary crystal size effect via XRD, FESEM, BET, 
FETEM-EDX, XPS, CO-TPR-MS and in-situ DRIFTS. XRD, FESEM and 
BET indicate that ceria with the largest secondary particle size and small 
primary crystal size of 12nm, shows a high specific surface area 50m
2
/g after 
calcination at 700°C. After the impregnation of Ni-Cu bimetallic catalyst 
supported on the largest ceria secondary particle sizes, properties such as high 
metal dispersion (15%), small Ni-Cu alloy size (8.2 nm) and high surface 
lattice oxygen are observed. Small ceria primary crystal size as catalyst 
support presents high reaction rates with low apparent activation energy as 
compared to large ceria primary crystal size, revealing the importance of ceria 
primary crystal size effect. The presence of active hydroxyl species at low 
temperature improves surface water gas shift reaction as revealed by CO-TPR-
MS. The high intensity of carboxylate species shows on 5Ni5Cu/CeO2 catalyst 
with the biggest ceria primary crystal size could be the inhibitor or the real 
intermediate species. Moreover, the water gas shift reaction mechanism 
depends strongly on the Ni-Cu surface composition.  
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Ceria (CeO2), a well-known rare-earth metal due to its unique 
properties are deployed in oxygen storage, sensors, catalysts, photo-
luminances, solid oxide fuel cells, biological oxygen scavenging agents and 
other research fields [1-5]. The uniqueness of ceria have motivated researchers 
to perform extensive investigations of its peculiar properties in various 
research areas particularly in catalysis. Several methods have been widely 
employed in synthesizing nano-size ceria such as homogeneous precipitation, 
sol-gel, micro-emulsion, hydrothermal, sono-chemical and others [6-10]. 
Hydrothermal method has emerged as one of the promising methods in 
synthesizing uniform, dispersed, small ceria nanoparticle and a variety of 
morphological features [11]. Nano-crystal sized ceria is notable in playing a 
critical role in affecting surface redox properties and formation of defects or 
surface oxygen vacancies, especially in the catalysis field of research [12-14].  
In water gas shift (WGS) reaction, ceria acts as an active catalyst 
support to improve the metal-support interaction and to promote water 
dissociation via redox properties to form labile OH/O/H species, surface 
oxygen vacancies, defect sites and other properties [15-27]. These intrinsic 
properties are playing the main role in influencing catalytic activity and the 
reaction mechanism for the WGS reaction. One of the most governing 
properties is the concentration of surface active species. This property is 
strongly depending on catalyst support particle sizes, composition, metal 
particle sizes and reaction temperature
 
and can be quantitatively determined 
from the in-situ DRIFTS intensity and (steady-state isotopic transient kinetic 
analysis) SSITKA coupled with DRIFTS and mass spectroscopy analysis [28-
31].
 
Panagiotopoulou et al. reported that the effect of support particle size on 
the reducibility of Pt/TiO2 catalyst enhanced the WGS activity. They have also 
shown that the partially reduced TiO2 support (small TiO2 primary particle 
size) created new site for CO adsorption which is located at the metal-support 
interface [32-33]. Au loaded metal ceria nano-rod is able to fully disperse gold 
nano-clusters and exhibit high catalytic activity and selectivity for low 
temperature WGS, creating more surface oxygen vacancies [34]. Additionally, 
this may imply that small metal size could possibly increase the concentration 
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of oxygen vacancies. In addition to this, Xu et al. also disclosed that 
decreasing ceria crystal size enhanced the formation of superoxide species 
which increased the surface oxygen [35]. Kugai et al. also revealed that Rh 
species is highly dispersed when the crystallite size of ceria support was small 
[36]. These findings are generally observed on the low temperature WGS.  
However, to apply the ceria nanoparticle at high temperature reaction, 
sintering and agglomeration of ceria nano-particle are remarkably 
unavoidable. This high calcination temperature further reduces the surface 
area of ceria, decreasing the catalytic activity as well as diminishing the 
surface active species [37-38]. This problem adversely affects the applications 
of ceria as a catalyst support for high temperature reaction exclusively steam 
reforming of hydrocarbon and high temperature WGS reaction. Moreover, the 
missing link in understanding the effect of ceria nanoparticle sizes in 
catalyzing high temperature WGS reaction via the catalyst structures, surface 
active species and reaction mechanism are needed to be investigated.  
To examine the WGS reaction mechanism and active surface species 
presence on the metal supported on ceria, several advanced techniques such as 
in-situ XPS, in-situ DRIFTS, in-situ operando EXAFS, transient isotopic and 
spectroscopic techniques are developed [39-45]. In addition to the application 
of advanced spectroscopy, kinetic measurements, microkinetic modeling and 
periodic density functional theory (DFT) calculations have also been 
performed to validate the proposed WGS reaction mechanism [46-54]. Two 
WGS mechanistic pathways have been generally proposed: redox mechanism 
(regenerative) and associative mechanism (carbonate, formate or carboxyl as 
intermediate species) [55-59]. Jacobs et al. has utilized modified SSITKA with 
DRIFTS method to identify the important intermediate (formate) species 
formed during the WGS reaction [60-61]. In recent study, Efstathiou et al. has 
also presented that with the aid of in-situ SSITKA-DRIFTS-mass 
spectroscopy, this advanced technique could differentiate the “active” and “in-
active” reaction intermediates species during the WGS reaction and also 
elucidate the active sites of these reactions intermediates [62-63]. However, 
the WGS reaction mechanisms still remain controversial, particularly on the 
dominant reaction pathway, real active sites and active reaction intermediates 
species. 
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In this study, three different sizes of thermally stable nano-sphere ceria 
up to 700°C were synthesized via polyvinylpyrrolidone (PVP)-assisted 
hydrothermal method with various ceria-precursor concentration and aging 
time. Ni-Cu bimetallic with the molar ratio of 1 was subsequently impregnated 
on three synthesized ceria nano-spheres. The reason of impregnating Ni-Cu 
bimetallic as the active metal was mainly due to the formation of Ni-Cu alloy 
catalyst in methane suppression via enhanced CO adsorption for high 
temperature WGS [64]. The roles of ceria nano-size as catalyst support in 
catalyzing high temperature WGS reaction was extensively investigated. The 
roles of ceria nanoparticle size were evaluated in the following aspects: (i) 
supported bimetallic sizes and structures, (ii) the role of oxygen species and 
the active surface species on different ceria nanoparticle sizes, (iii) the reaction 
mechanism.  
5.2. Experimental 
5.2.1 Catalysts preparation  
The starting materials sources were Ce(NO3)3.6H2O, PVP360K 
(polyvinylpyrrolidone with average mol. Wt 360,000), Cu(NO3)2.3H2O and 
Ni(NO3)2.6H2O supplied from Sigma Aldrich. The ceria nanoparticle was 
prepared by the PVP-360K assisted hydrothermal method with a variety of 
ceria concentrations and reaction times. Three different sizes of spherical ceria 
were synthesized in the range of 150-350nm, 400-800nm and 800-1200nm 
and were denoted as CeO2 (1), CeO2 (2) and CeO2 (3) respectively (Figure S1-
S3). CeO2 (1), CeO2 (2) and CeO2 (3) were prepared with 13.5 mM of ceria 
precursor (aged for 12hrs), 22.5 mM of ceria precursor (aged for 48hrs) and 
22.5 mM of ceria precursor (aged for 96hrs) respectively. The weight of 
PVP360K was kept at 2.25g for all the ceria sizes. The required amount of 
cerium precursor was initially dissolved into 90ml of deionized water and 
stirred until fully dissolved. PVP-360K surfactant was slowly added into the 
solution and stirred for several hours to ensure that a transparent solution was 
obtained. Thereafter, the prepared solution was poured into homemade 
autoclave and aged at 140°C for several hours accordingly. After that, the 
samples were centrifuged at 10,000 rpm for 20mins repeatedly for four times. 
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The samples were then dried in 100°C oven overnight and then calcined in the 
Carbolite tube furnace at 700°C to remove all the surfactants for two hours 
using heating and cooling rates of 10°C/min. By changing the 50% volumetric 
of water with ethanol as the solvent, several sizes of truncated polyhedral of 
ceria nanoshapes can be obtained. The ceria primary crystal sizes and 
secondary sizes can be tuned by changing the surfactant concentration to ceria 
precursor concentration. Figure S4 illustrates the FESEM images of truncated 
polyhedral of ceria and Table S1 tabulates the primary crystal size and 
secondary particle sizes. Nickel precursor and copper precursor with the molar 
ratio of 1 and the total weight of 10wt% were dissolved into the measured 
deionized water and stirred evenly. The catalyst support was then introduced 
into the solution and dried at 100°C. The catalyst was then calcined again at 
450°C for four hours. The calcined catalysts with different sizes of ceria were 
denoted as 5Ni5Cu/CeO2 (1), 5Ni5Cu/CeO2 (2) and 5Ni5Cu/CeO2 (3).    
5.2.2 Catalysts Characterizations 
The ceria catalyst support and 5Ni5Cu/CeO2 catalysts were 
characterized by using X-ray diffraction (XRD), BET, N2O pulse 
chemisorption, FESEM, FETEM-EDX, H2-TPR, CO-TPR-MS, XPS and in-
situ DRIFTS. The details of the aforementioned catalysts characterization 
techniques were explained in Chapter 3 (experimental and apparatus), section 
3.4.  
5.2.3 Catalysts activity 
The WGS reaction was performed in a fixed-bed flow reactor system 
with 50mg of the 5Ni5Cu/CeO2 catalyst was packed inside the reactor for each 
run and pre-reduced in the flowing hydrogen (10 ml/min) for one hour at 
450°C. Then purified helium was used to purge out the remaining hydrogen 
before the reaction begin. The feed gas mixture contained 5mol% of CO, 
25%mol of H2O and the balance helium was used to make up the total gas 
flow rate to reach 50 ml/min. The reaction studies were performed in the 
temperature range from 300 to 500°C. The readings were taken when the 
reaction reached steady state. The effluent of the reactor was analyzed on-line 
using a HP6890 Series GC equipped with thermal conductivity detector and 
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packed column (Hayesep D, 20ft x 1/8 in. SS, 100/120 mesh). Methane gas 
was detected in negligible quantities by the GC.  
The catalyst performance was evaluated by catalyst activity (mol %) and is 
presented as CO conversion (XCO) and defined as follows: 
 
For the reaction rates studies, the total gas flow rate of 100ml/min with the 
diluted catalyst (diluted with powder SiO2 quartz) was performed in order to 
keep the total CO conversion below than 10%. The reaction condition with a 
mixture of 7%CO, 22%H2O, 20%H2, 8.5%CO2 and balance helium was used. 
The measurements were conducted at temperatures of 325 to 400°C. The 
reaction rates calculated was shown as: 
 
5.3. Results and discussions 
5.3.1 X-ray Diffraction measurement  
Figure 5.1 (a) depicts the XRD pattern of three different sizes of ceria 
after calcined at 700°C and measured under ambient temperature. All the ceria 
reveal the distinct and major peak of fluorite-type oxide structure of ceria 
(JCPDS 34-0394). The primary crystal size of ceria is calculated based on 
Scherrer equation and tabulated in Table 5.1, showing the decreasing order of 
17.2 nm, 13.9 nm and 12.7 nm for CeO2 (1), CeO2 (2) and CeO2 (3) 
respectively. The primary crystal size of ceria presents no significant change 
after Ni and Cu are impregnated onto ceria support and underwent thermal 
treatment (Figure 5.1 (b) and Table 5.1). The 5Ni5Cu supported catalysts are 
reduced in hydrogen flowing at 450°C for an hour and the XRD pattern is 
shown in Figure 5.1 (c). Formation of Ni-Cu alloy is found for all the catalysts 
and the sizes of Ni-Cu alloy for each catalyst are tabulated in Table 5.1. This 
finding correlates well with our recent work and Lin et al [64-65]. 
5Ni5Cu/CeO2 (3) catalyst shows the smallest Ni-Cu alloy size of 8.2 nm, 
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following by 11.1 nm and 14.5 nm for 5Ni5Cu/CeO2 (2) and 5Ni5Cu/CeO2 (1) 
catalysts respectively. In addition, N2O chemisorption was performed to 
identify the metal dispersion for all the catalysts as presented in Table 5.1. 
5Ni5Cu/CeO2 (3) catalyst unveiled the highest metal dispersion of 15.1%, 
followed by 5Ni5Cu/CeO2 (2) catalyst and 5Ni5Cu/CeO2 (1) catalyst showed 
metal dispersion of 12.3% and 11.4% respectively. These results correlated 
well with the XRD measurement which showed 5Ni5Cu/CeO2 (3) catalyst 
exhibited the smallest Ni-Cu alloy crystal size, whereas 5Ni5Cu/CeO2 (1) 
catalyst showed the biggest Ni-Cu alloy crystal size. This can be concluded 
that the small primary crystal size of CeO2 (3) improved metal dispersion [66].  
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Figure 5.1 XRD patterns for (a) Ceria nano-spheres, (b) Catalysts for 5Ni5Cu 
supported on ceria nano-spheres, (c) Reduced catalysts for 5Ni5Cu/CeO2 (1), 
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5.3.2 Catalyst morphology (FESEM)  
Figure 5.2 (a) and 5.2 (b) illustrate the FESEM images of calcined 
ceria and reduced 5Ni5Cu/CeO2 catalysts. The secondary particle size 
distribution of ceria supports size ranges from 150-350  nm, 400-800nm and 
800-1200 nm for CeO2 (1), CeO2 (2) and CeO2 (3) respectively. The secondary 
particle size distributions for all the ceria supports are shown in the Appendix 
B (Figure S1 to S3). The Ni-Cu bimetallic particle is clearly observed to be 
attached onto the ceria for different ceria secondary particle size. The Ni-Cu 
bimetallic particle sizes distributions are depicted in Figure S5 to S7. The 
mean particle sizes of Ni-Cu bimetallic is shown as 22.4 nm, 29.4 nm and 28.3 
nm for 5Ni5Cu/CeO2 (1), 5Ni5Cu/CeO2 (2) and 5Ni5Cu/CeO2 (3) 
respectively. 
 
Figure 5.2 FESEM images for (a) Ceria for CeO2 (1), CeO2 (2) and CeO2 (3), 
(b) Reduced catalysts for 5Ni5Cu/CeO2 (1), 5Ni5Cu/CeO2 (2) and 
5Ni5Cu/CeO2 (3). 
5.3.3 Textural properties of catalysts supports (ceria) and catalysts  
The textural properties of ceria and catalysts are summarized in Table 
5.1. As the concentration of ceria precursor increased, specific surface area of 







/g for CeO2 (1), CeO2 (2) and CeO2 (3) respectively, exhibiting the 
high specific surface area of ceria as reported by Laosiripojana and 
Assabumrungrat [67]. The ceria pore volume and pore size indicated the 
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increasing trend as the secondary particle size of ceria is increased. These 
results are in-agreement with the XRD results whereby with bigger CeO2 
secondary particle sizes and smaller the primary crystal size of CeO2, results 
in high specific surface area and pore volume. This phenomenon occurred is 
possibly because of the increases of ceria precursor concentration to surfactant 
ratio and aging time enhance the growth rates of secondary particle size (the 
easiness of the interaction among the nuclei ceria). Upon the high temperature 
calcination of ceria under oxygen rich atmosphere, the low ceria precursor 
concentration to surfactant ratio ceria is easily oxidized, leading to the 
formation of big primary crystal size. Conversely, the high ceria precursor 
concentration to surfactant ratio ceria is probably due to the relatively low 
amount of surfactant to be oxidized, preventing the growth of the primary 
crystal size during high calcinations temperature. After the loading of Ni-Cu 
bimetallic, the specific surface areas and pore volume of the catalysts are 




/g and 36.7 m
2
/g for 5Ni5Cu/CeO2 (1), 
5Ni5Cu/CeO2 (2) and 5Ni5Cu/CeO2 (3) respectively. This is probably due to 
the covering of the Ni-Cu bimetallic into the pore of the catalyst, reducing the 
specific surface area and pore volume of the catalysts [34].  
5.3.4 H2-TPR measurement  
Surface lattice oxygen of ceria plays a significant role in catalysis, 
particularly in CO oxidation reaction. In order to determine the surface lattice 
oxygen and bulk lattice oxygen of ceria, H2-TPR is performed. Figure 5.3 (a) 
shows the H2-TPR profile of three sizes of calcined ceria. Two main hydrogen 
consumption features are observed. The low temperature (500-600°C) and 
high temperature (800-900°C) reduction peaks are attributed to surface lattice 
oxygen and bulk lattice oxygen respectively [68]. All of the ceria shows the 
same hydrogen consumption features with two hydrogen consumption 
features. A minor difference is observed for the low temperature reduction 
peak, showing the reduction peak occurs at 555°C for CeO2 (1) and 545°C for 
CeO2 (2) and CeO2 (3). This could possibly due to the difficulty of the bigger 
primary crystal size of CeO2 (1) to be reduced as compared to CeO2 (2) and 
CeO2 (3) [3, 69-70]. This finding is in agreement with Johnson and Mooi, 
implying the hydrogen consumption is related to the ceria specific surface area 
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[71]. Upon the impregnation of Ni-Cu bimetallic onto the ceria support after 
the preoxidized treatment, the H2-TPR profiles obtained are shown in Figure 
5.3b. It can be clearly seen that the H2-TPR profiles exhibit the same hydrogen 
consumption features. The difference of three sizes of ceria as catalyst support 
is the maximum temperature reduction peak occurring at different 
temperature. The high specific surface area ceria (small primary crystal size), 
5Ni5Cu/CeO2 (3) catalyst exhibits the lowest reduction temperature peak, 
which is occurring at 230°C, following with 250°C and 262°C for 
5Ni5Cu/CeO2 (2) and 5Ni5Cu/CeO2 (1) respectively. This indicates that the 
reducibility of the catalyst increases with increasing the specific surface area 
of ceria (decreasing primary crystal size of ceria). Besides, it is most 
preferable to form smaller Ni-Cu bimetallic particle size with small ceria 
primary crystal size as catalyst support [33]. The reduction of ceria can also be 
enhanced by the addition of a small amount of noble metal or base metal 
which has been reported in literature [3,18,70,72-73]. In short, with the small 
primary crystal size of ceria, small Ni-Cu alloy is formed and the reducibility 
of ceria can also be improved [64].  
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Figure 5.3 (a) H2-TPR for ceria nano-spheres, (b) H2-TPR for 5Ni5Cu/CeO2 
for three sizes of ceria nano-spheres. 
5.3.5 X-ray Photoelectron Spectroscopy (XPS) measurement  
The XPS spectra of the pure ceria and reduced catalysts samples were 
measured in the ultra-high vacuum condition at ambient condition. The 
surface composition of each element was calculated based on each 





 based on the method reported by Zhang et al. [74]. 
The ceria 3d spectra can be deconvoluted into 10 peaks where Ce
4+
 consists of 
six peaks (labeled as 882.6eV, 889.1eV, 897.1eV, 901.2eV, 907.7eV and 
951.1eV) and Ce
3+ 
occupies of four peaks (denoted at 880.8 eV, 886.9eV, 
899.3 eV and 905.8eV). The concentration of Ce
3+
 was determined based on 
the total peak area of Ce
3+





. Figure 5.4 (i-a) displays O1s spectra for calcined ceria for three 
sizes of primary crystal sizes. There are two main types of oxygen species 
present for all the ceria; i.e. lattice oxygen (~529eV) and oxygen vacancy 
(~531eV) [75]. The percentage amount of oxygen species is summarized in 
Table 5.2, indicating CeO2 (3) occupy lower oxygen lattice species as 
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compared to CeO2 (1). However, CeO2 (3) has a slightly more oxygen vacancy 
around 41.5% as compared to other CeO2 catalyst support and in turn exhibits 
low percentage of ion Ce
3+
 content. This finding is in agreement with the Xu 
et al. [69]. A slightly lower shift of O1s to lower binding energy was observed 
after reduction of ceria crystal size from 17.2 to 12.7 nm for CeO2 (1) to CeO2 
(3). This could be probably due to the lattice expansion of CeO2 in oxygen 
vacancy formation and increased concentrations of point defects [74,76].  
The surface compositions of reduced Ni-Cu bimetallic catalysts are 
measured after the introduction of Ni-Cu bimetallic into ceria nano-sphere. 
Figure 5.4 (ii-a) to (ii-c) display the Cu2p, Ni2p and Ce3d XPS spectra for the 
reduced 5Ni5Cu/CeO2 catalysts respectively. The Cu2p spectra and Ni2p 





932eV and 852.3eV (Ni
o
) to 852eV respectively; whereas Ce3d spectra 
indicate the high shift of the binding energy from 881.6eV to 882eV [36, 77-
78]. This confirms again the Ni-Cu alloy formation (Cu2p and Ni2p spectra) 
withdrawing electrons from ceria support [79]. Although the ceria size is 
varied, the formation of Ni-Cu alloy is found for all the catalysts. However, 
there is a variation in the surface composition of the Ni/Cu ratios as tabulated 
in Table 5.2. As the ceria primary crystal size decreases, Ni to Cu ratio is 
increased from 0.8 to 1.1, implying Ni-rich of Ni-Cu alloys are formed. 
According to Naghash et al. as the ratio of Ni/Cu approaches 1, copper had a 
tendency to be segregated in order to minimize the interface surface energy 
[77]. However, our results are not in agreement with Naghash et al. for small 
primary crystal size of ceria. This could be due to the strong interaction 
between Cu-Ce as compared to Ni-Ce when Ni-Cu supported on ceria with 
small primary crystal size. In addition, Ni ensemble on Cu is an efficient 
water-gas shift reaction in water dissociation and avoiding CO activation 
based on density functional theory calculations [80].  
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Figure 5.4 XPS patterns for (i) Ceria nano-sphere, (a) O1s, (ii) Reduced 
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5.3.6  Catalytic activity  
The effect of ceria nanoparticle size was investigated via high 
temperature WGS reaction. The WGS reaction was performed from 300°C to 
500°C with interval temperature of 50°C. As shown in Figure 5.5 (a), 
5Ni5Cu/CeO2 (3) catalyst exhibits the highest CO conversion along the 
reaction temperature from 300°C to 500°C, followed by 5Ni5Cu/CeO2 (2) and 
5Ni5Cu/CeO2 (1). The highest CO conversion of 84% is reached at 450°C for 
5Ni5Cu/CeO2 (3) catalyst. This is possibly due to the formation of small Ni-
Cu bimetallic size and high specific surface area of ceria (small primary 
crystal size) as shown in the XRD measurement (section 5.3.1). The catalytic 
activity shows the importance of Ni-Cu bimetallic size and specific surface 
area of ceria. The normalized reaction rates based on Ni-Cu bimetallic size 
was performed. The results of reaction rate measurements of two catalysts are 
summarized in Arrhenius plot and depicted in Figure 5.5 (b). It can be clearly 
seen that the reaction rates depend strongly on the ceria nanoparticle sizes and 
increases with decreasing ceria primary crystal size (17.9 nm to 12.8 nm) and 
increasing ceria specific surface area in the presence of product gases (H2 and 
CO2). Moreover, it is interesting to note that the apparent activation energy of 
the reaction also varies slightly depending on the ceria sizes. The apparent 
activation energy decreases from ~69 kJ/mole for 5Ni5Cu/CeO2 (1) catalyst to 
~58 kJ/mole for 5Ni5Cu/CeO2 (3) catalyst. The catalyst stability test is also 
performed at 450°C for 5Ni5Cu/CeO2 (3) catalyst as shown in Figure 5.5 (c). 
No significant decrease in catalyst activity is shown for 5Ni5Cu/CeO2 (3) 
catalyst after 30 hours of reaction. The 5Ni5Cu/CeO2 (3) spent catalyst (after 
30 hours of reaction) was also further characterized by FESEM to identify any 
sintering of Ni-Cu bimetallic particle (shown in Figure 5.6). The spent catalyst 
of Ni-Cu bimetallic particle size (33.9 nm) is found to be a nearly similar size 
of the reduced 5Ni5Cu/CeO2 (3) catalyst (28.3 nm) shown in Figure S8. 
FETEM-EDX is further utilized to identify the structure of Ni and Cu species 
after WGS reaction at 450°C for 30 hours. Figure 5.7 reveals that Ni-rich Ni-
Cu alloy structure could be the main structure in catalyzing the WGS reaction 
which is shown in ‘red’ region for nickel element, ‘green’ region for copper 
element and ‘blue’ region for ceria element. This structure is in line with the 
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XPS surface composition analysis as tabulated in Table 5.2. To sum up, it 
could be predicted that the Ni-rich Ni-Cu alloy bimetallic particle size is 
playing a governing role in affecting the reaction rates and possibly the Ni-Cu 
bimetallic particle size in affecting the concentration of active reaction 
intermediates or species during water gas shift reaction [27].  
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Figure 5.5 (a) Catalytic Activity for three types of catalysts (reaction 
conditions: 5%CO, 25%H2O and balance He), (b) Arrhenius plot for 
5Ni5Cu/CeO2 (1) and 5Ni5Cu/CeO2 (3) catalysts (reaction conditions: 7%CO, 
22%H2O, 8.5%CO2, 20%H2 and balance He), (c) Stability Test for 
5Ni5Cu/CeO2 (3) at 450°C for 30 hours (reaction conditions: 5%CO, 25%H2O 
and balance He). 
 
 
Figure 5.6 FESEM image for spent 5Ni5Cu/CeO2 (3) catalyst after 30 hours 
of reaction at 450°C. 
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Figure 5.7 FETEM-EDX images for spent 5Ni5Cu/CeO2 (3) catalyst after 
30hours of reaction at 450°C.   
5.3.7 TPR-CO-MS measurement  
CO-TPR-MS is a commonly used characterization technique to 
identify the surface oxygen species and the reactivity of the catalysts toward 
CO. Four reactions are mainly identified: (i) surface water gas shift reaction, 
(ii) CO disproportionation, (iii) oxidation of CO by surface lattice oxygen and 
(iv) the reaction of C-H intermediate species (s-support) with an adsorbed H 
species on metal surface (M) as listed in equations (Eq. 5.1) to (Eq. 5.4) [81-
84]. 
CO-M + OH-s  0.5H2(g) + CO2(g)  s/e-]  (Eq. 5.1) 
2CO-M  CO2(g) + C-M + M   (Eq. 5.2) 
CO-M + Os  CO2(g)  s/e-]    (Eq. 5.3) 
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HCOO-s + H-M  CO2(g) + H2(g) s/e-]  (Eq. 5.4) 
It can be clearly seen from Figure 5.8 (a) and 5.8 (b) that CO 
consumption and CO2 production of CeO2 (3) demonstrates the majority 
removal of surface oxygen at lower temperature (<400°C) in comparison with 
CeO2 (1), showing surface oxygen removal at higher temperature (~500°C). 
Evolution of H2 is also observed during CO-TPR as shown in Figure 5.8 (c). 
CeO2 (3) exhibits lower H2 production temperature (530°C) in contrast to 
CeO2 (1) occurs at 575°C, emphasizing that surface water gas shift reaction 
(Eq. 5.1) is also proceeding. Upon impregnation of Ni-Cu bimetallic onto 
ceria, 5Ni5Cu-CeO2 (3) catalyst shows high reactivity towards CO, giving the 
highest CO consumption and CO2 production peaks at 475°C (shown in Figure 
5.9 (a) and 5.9 (b)). This could be possible that the Ni-Cu alloy has activated 
the lattice oxygen, particularly for high temperature reaction based on the Eq. 
5.3 [85].    
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Figure 5.8 TPR-CO-MS for (a) CO Consumption, (b) CO2 Production, (c) H2 
Production. 
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Figure 5.9 TPR-CO-MS for (a) CO consumption and (b) CO2 production. 
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5.3.8 In-Situ DRIFTS for CO adsorption 
5.3.8.1    Support  
CO adsorption is performed to identify the ceria surface active species 
in catalysis using in-situ DRIFTS spectroscopy. Ceria is firstly outgassed at 
250°C for one hour using purified helium and then cooled down to 25°C. 
5%CO in 95% helium gas is introduced to investigate the surface properties of 
ceria from 25°C, 50°C to 600°C with 50°C as the temperature interval. Table 
5.3 summarizes the surface species observed during CO adsorption study. A 
detailed explanation is explicated as follows.  
Figure 5.10 (a) and 5.10 (b) display the DRIFTS spectra of CO 
adsorption study for CeO2 (1) and CeO2 (3) respectively. There are three main 
regions showing the reactive surface species during CO adsorption study. The 





) and surface carbonate (2000-800cm
-1
). Beginning of 
the hydroxyl group, three types of hydroxyl groups (type I, type II-A and type 
III OH group) are observed at low temperature [86-87]. The intensity of the 
type III OH group is significantly lower on CeO2 (3) as compared to CeO2 (1). 
Both of the ceria exhibits the same behavior as the function of temperature, the 
type III hydroxyl group disappeared at temperatures more than 250°C whereas 
only type I and type II-A hydroxyl group is observed at high temperature. In 
addition, the intensity of type II-A hydroxyl group is decreased and type I-OH 
is increased as the temperature increased [88]. Bidentate formate (2945, 
2852cm
-1
) species is also observed for these two different ceria primary crystal 
size. This species are generally formed via the reaction of CO adsorbed with 
surface hydroxyl group at low temperature and started to decompose to CO2 
and H2 as the elevated temperature [89]. CeO2 (1) displays high intensity of 
bidentate formate in comparison with CeO2 (3). This could imply that 
bidentate formate formed on CeO2 (3) surface is easy to be decomposed, in 
line with the finding of CO-TPR-MS profile (Figure 5.8 (c)). In the surface 
carbonate region, there is a substantial change in intensity of carbonates 
species as the elevated temperature. At low CO adsorption temperature, CeO2 
(1) presents a band located at 1025, 1350, 1588 cm
-1
 and are attributed to the 
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naturally available unidentate carbonate whereas no band was seen on CeO2 
(3) [90-91]. At high CO adsorption temperature, bidentate carbonate (1025, 
1260, 1570 cm
-1
)  and polydentate carbonates (1066, 1388, 1475 cm
-1
) species 
are observed, however an additional band located at 1130, 1244, 1388, 1750 
cm
-1
 (which is attributed to bridged carbonate) is formed on CeO2 (1) and this 
species is thermally stable up to 600°C [90-91].   
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5.3.8.2    Reduced catalyst  
The 5Ni5Cu/CeO2 catalysts were firstly reduced in-situ at 450°C and 
purged with helium to remove the weakly chemisorbed hydrogen before 
5%CO in 95% helium gas was introduced. This CO-TPR-MS investigation is 
crucial in determining the surface properties of catalyst from 25°C, 50°C to 
600°C with 50°C as the temperature interval. The surface species observed 
during CO adsorption study was tabulated in Table 5.3 and the detailed 
explanation is discussed as follows. By introducing Ni-Cu bimetallic catalyst 
onto CeO2 (1) supports, two types of hydroxyl groups (type I and type II-OH) 
are clearly observed on reduced 5Ni5Cu/CeO2 (1) catalyst. At low 
temperature, mostly type II-A OH group is formed, whereas type II-A and 
type I OH group form at high temperature (above 250°C) as depicted in Figure 




) is likely to be seen at 
25°C which may indicate high dispersion of copper entities [92]. As the 
temperature exceeds 200°C, Ni-Cu alloy is found and showed to be thermally 
stable up to 500°C with the absorption band from 2040-2010 cm-1 [64,93]. 
5Ni5Cu/CeO2 (3) catalyst also behaves the same characteristic with 
5Ni5Cu/CeO2 (1) catalyst in the surface hydroxyl zone and surface carbonyl 
zone. In the carbonate region, unidentate carbonate (1050, 1330, 1550 cm
-1
), 
the naturally abundant species, carboxylates species (1330, 1500, 1550cm
-1
) 
and π(CO3) mode of carbonates (860cm
-1
) are observed at low temperature CO 
adsorption on 5Ni5Cu/CeO2 (1) catalyst. In contrast, bidentate carbonate 
species are found on 5Ni5Cu/CeO2 (3) catalyst with no carboxylates species 
appeared.   
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Figure 5.11 In-situ DRIFTS spectra for CO adsorption on (a) 5Ni5Cu/CeO2 
(1) and (b) 5Ni5Cu/CeO2 (3). 
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5.4.1 The role of CeO2 Catalyst Support Size  
Three different particle sizes of ceria as catalyst support was 
successfully synthesized to investigate the role of CeO2 in water gas shift 
reaction. The catalyst activity showed that 5Ni5Cu/CeO2 (3) catalyst exhibited 
the highest CO conversion as compared to other catalysts as well as high 
stability after long term test. The reason is due to the formation of small Ni-Cu 
alloy crystal size as revealed in XRD measurement, XPS measurement and 
N2O chemisorption analysis (section 5.3.1, section 5.3.5 and Table 5.1). As 
can be seen from in-situ DRIFTS spectra formate species formed from the CO 
reaction with hydroxyl on ceria, CeO2 (3) exhibited lower intensity as 
compared to CeO2 (1). This suggested that the hydroxyl group on CeO2 (3) is 
more reactive to react with CO in formate formation and decomposition of 
formate occur at low temperature than CeO2 (1) which is in line with the 
observation from CO-TPR-MS where H2 production occurred at low 
temperature. Although CeO2 (3) catalyst support exhibits low amount of 
surface lattice oxygen (as discussed in section 5.3.4); however, with the 
impregnation of Ni-Cu catalyst, it has promoted catalyst reducibility. Apart 
from the small primary crystal size of ceria promotes the reducibility of 
5Ni5Cu/CeO2 (3) catalyst; enhancement of surface lattice oxygen was also 
evidenced from CO-TPR-MS for 5Ni5Cu/CeO2 (3) catalyst. This can be 
postulated that the formation of Ni-rich Ni-Cu alloy catalyst structure 
observed from FETEM-EDX which could be the possible reason to activate 
the surface lattice oxygen from ceria in catalyzing water gas shift reaction with 
high activity and stability.  
5.4.2 Plausible reaction mechanism  
The important roles of ceria size as catalyst support has shown 
substantial advantages such as dispersed Ni-Cu alloy and promote surface 
lattice oxygen. However, the role of ceria primary crystal size in affecting the 
reaction mechanism is still not clearly investigated. From the CO adsorption 
analysis, this can be clearly shown that two types of hydroxyl groups (Type I 
OH and Type II-A OH) are observed whereas at high temperature only type I-
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OH group is present. This may indicate that water would tend to dissociate 
onto the oxygen vacancy sites and form surface hydroxyl group.  At high 
adsorption temperature, CO gas tends to adsorb onto the Ni-Cu alloy species 
and react with the surface hydroxyl group in forming different types of 
intermediate species such as formate and carboxyl species [56, 94-95]. From 
the observation of in-situ DRIFTS analysis, formate species are encountered in 
the in-situ DRIFTS spectra for both of 5Ni5Cu/CeO2 (1) and 5Ni5Cu/CeO2 (3) 
catalysts. This shows that there is no significant role of bidentate formate 
species in the reaction pathway or it may act as spectator or minor role in the 
reaction pathway [50]. The proposed reaction mechanism is shown in Figure 
5.12. Moreover, several types of carbonate species are clearly noted from the 
in-situ DRIFTS spectra. The only difference is the presence of carboxylate 
species, assigning to 5Ni5Cu/CeO2 (1) catalyst whereas only bidentate 
carbonate species are found on 5Ni5Cu/CeO2 (3) catalyst. This may imply that 
carboxylate species are the main species (inhibitor or slow decomposition rate) 
observed on the catalyst surface, resulting low activity of 5Ni5Cu/CeO2 (1) 
catalyst. Hence, it could be postulated that the decomposition of carboxylate is 
the slowest step in affecting the catalytic performance of 5Ni5Cu/CeO2 (1) 
catalyst [96]. On the other hand, bidentate carbonate species formed on 
5Ni5Cu/CeO2 (3) catalyst might possibly come from the conversion of 
bidentate formate at high temperature to bidentate carbonate species or might 
be just a spectator. However, based on in-situ DRIFTS analysis alone, it could 
not be easier to postulate the water gas shift reaction mechanism. A detail 
study with an advanced spectroscopic and steady-state isotopic transient 
kinetically analysis should be performed to pin-point the real intermediate 
species and determined the “active” or “in-active” species [97-98]. Based on 
our recent work, carboxyl could be the main intermediate species for water gas 
shift reaction which we have shown by using the kinetic study [64]. Therefore, 
we would like to propose that carboxylate that found from in-situ DRIFTS 
could be due to the slow decomposition of this species, resulting in low 
catalytic activity observed on 5Ni5Cu/CeO2 (1) catalyst. The water gas shift 
reaction mechanism is postulated to be affected by different Ni-Cu surface 
composition.  
Chapter 5 - The Effect of Ceria Crystal Sizes as Catalyst Support for High Temperature Water 





Figure 5.12 Postulated carboxylate formation of different CeO2 primary 
crystal sizes in water gas shift reaction. 
 
5.5  Conclusions 
In this study, CeO2 nano-spherical particles with different primary 
crystal sizes and secondary particle size were successfully synthesized via 
PVP-assisted hydrothermal method to investigate the role of ceria primary 
crystal size as catalyst support for high temperature water gas shift reaction. 
Several concluding remarks were summarized as below: (a) The decrease of 
ceria primary crystal sizes improves metal dispersion and promotes small Ni-
Cu alloy size. (b) Small ceria primary crystal size enhances the presence of the 
active hydroxyl group at low temperature, improving the surface water gas 
shift reaction in hydrogen production. With the small Ni-Cu alloy size, this 
activates the surface lattice oxygen (CO-TPR-MS) which is taking part in 
catalyzing water gas shift reaction at high temperature. (c) Inhibition of 
carboxylate species onto 5Ni5Cu/CeO2 (1) catalyst or slow decomposition of 
carboxylate species is postulated could be the main reason to decrease the 
catalytic activity. The water gas shift reaction mechanism is strongly depended 
on the Ni-Cu surface composition. 
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Supporting Information (Appendix B) 
CeO2 catalysts supports (spherical and truncated polyhedral), Ni-Cu 
bimetallic reduced catalysts and spent 5Ni5Cu/CeO2 (3) catalyst particle size 
distributions are provided (Figure S1 to S8). 
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CHAPTER 6 - THERMALLY-STABLE CeO2 NANO-SHAPES AS 
CATALYST SUPPORTS FOR HIGH TEMPERATURE WATER GAS 
SHIFT REACTION: EFFECT OF MORPHOLOGY ON SURFACE 
AND CATALYTIC PROPERTIES 
Ceria nanoshapes are known to play an important role in catalysis as 
well as acting as catalyst support. However, the thermal stability of ceria 
nanoshapes is the main critical factors in maintaining ceria in different 
nanoshapes. In this chapter, thermally-stable (up to 700°C) ceria nanoshapes, 
including nano-rod, nano-truncated polyhedral, and nano-sphere, have been 
successfully developed and used as catalyst supports for high temperature 
water-gas shift (WGS) reaction. All the synthesized ceria nanoshapes show 
almost similar primary crystal sizes and specific surface area. Among them, 
ceria nanorod consists two different active surface species (e.g. surface 
hydroxyl group and surface lattice oxygen) which play the catalytic role at 
different reaction temperatures. The in situ DRIFTS and CO-TPR-MS results 
show that at low temperature (~275 °C), the active hydroxyl group is 
predominantly formed on the surface of ceria nanorod, which helps to promote 
the WGS reaction, whereas the surface lattice oxygen, which is active for 
direct CO oxidation is predominantly formed at high temperature (~450 °C), 
which helps to increase CO conversion. Upon the impregnation of Ni-Cu 
bimetallic catalyst, 5Ni5Cu supported on ceria nanorod catalyst shows the 
highest catalytic activity and stability at 450 °C over 30 hours of time on 
stream. The interaction between Ni-riched Ni-Cu alloy with ceria nanorod 
support promotes the formation of surface lattice oxygen, further enhancing its 
catalytic activity on the WGS reaction.  
 
 
Chapter 6 - Thermally-stable CeO2 Nano-shapes as Catalyst Supports for High Temperature 




The peculiar properties of ceria (CeO2) nano-structures have resulted 
in greater interest in synthesizing and understanding its properties in numerous 
fields of research. Ceria has been widely used as sensors, catalysts, biological 
scavenging agents, solid oxide fuel cell, oxygen membrane and for other 
applications [1-7]. Catalyst research area in particular, ceria is widely used as 
active materials, catalyst support, and promoters in a variety of reactions such 
as CO oxidation, reforming of hydrocarbon, water gas shift (WGS) and other 
reactions [8-16]. In several recent studies, the morphological effects of cerium 
oxide are reported to play a critical role in those catalytic reactions [17-23]. 
Numerous shapes of ceria (e.g. nano-belts, nano-column, nano-cube, nano-rod, 
nano-sphere, nano-spindles, nanotubes, nanowires and other nano-shapes) can 
be synthesized via several different chemical routes such as hydrothermal, 
solvothermal, sono-chemical, sol-gel and other methods [24-26].
 
Each shape 
has its unique properties and play different roles in catalysis. Zhou et al. 
reported that well-defined crystal planes of {001} and {110} in the ceria 
nanorod show unusual reactivity towards CO oxidation [27]. Moreover, Wu et 
al. unveiled that ceria nano-rod exhibited high CO oxidation activity as 
compared to cubes and octahedral due to the low reducibility of the ceria 
nanorod and the formation of active carbonate species in {110} and {100} 
crystal plane [28]. 
  Apart from ceria as an active component in CO oxidation, metal 
supported on ceria nano-structure also plays a synergistic effect in catalysis. 
Nano-structured ceria is usually used as an active support. For example, Au 
deposited on ceria nano-rod exhibited excellent CO oxidation activity at low 
temperature. This is mainly due to the high dispersion of gold nanoparticles on 
nanorods and strong metal-support interaction in influencing the electronic 
state of ceria [29-31]. In WGS reaction, the significant effect of ceria crystal 
plane has been shown in achieving the high catalyst activity. Flytzani-
Stephanopoulos et al. has clearly explained the crystal plane effect of ceria on 
gold species [32]. They have reported that the nano-rod structure is able to 
disperse and stabilize gold as nanoclusters which are active and selective 
towards WGS reaction [33]. Farmer and Campbell also disclosed that ceria as 
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catalyst support is able to maintain small metal particle size by strong metal 
bonding [34]. This once again emphasizes the vital role of nanostructured 
ceria in dispersion of the active metal.   
Much investigation is required regarding the intrinsic properties of 
ceria in activating lattice oxygen mobility, water dissociation and redox 
properties particularly for WGS reaction. These properties are mainly 
attributed to the concentration of surface oxygen vacancies, the relative 
concentration of Ce
3+
 and crystal plane of ceria nanostructures which has been 
reported by Campbell and Peden [35]. Liu et al. revealed that formation of 
oxygen vacancy cluster on nanorod promoted the reducibility and exhibited 
high catalytic activity [36]. In addition, Camellone and Fabris also disclosed 








 ensured high catalytic 
activity [37]. 
Despite the intrinsic properties of ceria, the importance of active 
surface species which are formed on ceria participating in the catalytic 
reaction cannot be ruled out. Active surface species formed on ceria such as 
hydroxyl groups, carbonates, formates and oxygen species are actively 
involved in surface reactions or acting as an intermediate species in the 
reaction [38-39]. For instance, mono-coordinated hydroxyl groups are reported 
to be an active species for water re-oxidization on Pt/ZrO2 catalysts during the 
water gas shift reaction [40]. In WGS reaction, CeO2-based catalysts are 
generally reported to be based on a dual-site reaction model (reaction take 
place at the interface perimeter of ceria and metal) where the hydroxyl group 
formed on ceria react with the CO adsorbed on the metal in yielding an 
intermediate species such as formate or carboxyl species which are the 
important intermediate species participating in the reaction mechanism [41-
42]. Davis et al. reported that Pt/CeO2 catalyst showed that active hydroxyl 
group formed on the partially reduced ceria is able to react with adsorbed CO 
on metal in the formation of formate as an important intermediate species in 
water gas shift reaction [43].  
The major challenge of using ceria nano-shapes as a catalyst support 
for high temperature reactions is its poor thermal stability (it tends to 
agglomerate at above 500 °C) which significantly lowers the performance of 
the catalyst. Several methods have been developed to prepare thermally stable 
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ceria in various types of shape which is able to withstand temperature at 
around 500 °C [44]. However, there is still a lack of knowledge in maintaining 
thermal stability of ceria nano-shapes at temperatures more than 600 °C 
whereby nanoparticles tend to lose their specific geometries as well as 
diminishing the active surface species [45].  
In the present study, three types of thermally stable ceria nano-shapes 
(spherical, truncated polyhedral and nano-rod) were synthesized via 
hydrothermal and solvothermal methods to control the crystal sizes of ceria to 
similar sizes in order to eliminate the effect of specific surface area. Ni-Cu 
bimetallic with the molar ratio of 1 was subsequently impregnated on these 
three synthesized nano-shapes ceria. This is because the formation of small 
Ni-Cu alloy catalyst is an active and a selective catalyst for high temperature 
WGS reaction [46]. In order to understand the effects of ceria nano-shapes on 
the catalytic performance, the formation of the surface active species (such as 
surface hydroxyl group and surface lattice oxygen) as well as the supported 
bimetallic structures were investigated by using several techniques such as 
XRD, FESEM, FETEM-EDX, BET, XPS, CO-TPR-MS and in-situ DRIFTS 
techniques.  
6.2 Experimental 
6.2.1 Catalysts preparation 
The starting material sources of Ce(NO3)3.6H2O, PVP360K, 
Cu(NO3)2.3H2O, Ni(NO3)2.6H2O, urea and ethanol (Analytical Grade) were 
supplied from Sigma-Aldrich whereas  glycerol (ACS, 99.5%) was supplied 
from Alfa-Aesar. Three different types of ceria nano-shape were synthesized 
using hydrothermal and solvothermal methods. Spherical ceria was 
synthesized via a hydrothermal method assisted with PVP360K-assisted 
(2.25g) and cerium (III) nitrate hexahydrate (13.5 mM) as ceria precursor 
mixed with 90 ml of deionized water. The truncated polyhedral ceria was 
prepared using ethanol and deionized water as reaction media with the 
volumetric ratio of 1 with PVP360K (2.25 g) and cerium (III) nitrate 
hexahydrate (27.0 mM) as ceria precursor. Urea was used as chelating agent 
(2.027 g) with cerium (III) nitrate hexahydrate (1.954 g) as cerium precursor 
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and deionized water and glycerol with the volumetric ratio of l as the reaction 
media for solvothermal method in preparing nano-rod CeO2. The well-mixed 
solution was then poured into a homemade autoclave and aged in the oven. 
The aging times and temperatures for spherical and truncated polyhedral ceria 
are 12 h at 140 °C whereas for nano-rod CeO2 ceria, they are 24 h at 100 °C. 
The samples were then centrifuged at 10,000 rpm for 20 mins with repeated 
steps of four times. Thereafter, the precipitated samples were dried in 100 °C 
oven overnight and then calcined in a furnace at 700 °C for two hours at the 
heating rate of 2 °C/min. Nickel nitrate hexa-hydrate and copper nitrate 
trihydrate with the ratio of 1 was then impregnated with the calcined ceria 
nanoshapes: spherical, truncated polyhedral and rod, denoted as CeO2 (s), 
CeO2 (p) and CeO2 (r) respectively. The synthesized catalyst was calcined 
again at 500°C for four hours and then reduced at 500 °C for one hour prior to 
catalytic test.  
6.2.2 Catalysts characterizations 
The ceria catalyst support (nanoshapes) and 5Ni5Cu/CeO2 catalysts 
were characterized by employing X-ray diffraction (XRD), BET, N2O pulse 
chemisorption, FESEM, FETEM-EDX, H2-TPR, CO-TPR-MS, XPS and in-
situ DRIFTS. The details of the aforementioned catalysts characterization 
techniques are explained in Chapter 3, section 3.4.  
6.2.3 Catalysts activity 
The WGS reaction was performed in a fixed-bed flow reactor system 
and 50 mg of the 5Ni5Cu/CeO2 catalyst was packed inside the reactor for each 
run and pre-reduced in the flowing hydrogen (10 ml/min) for one hour at 500 
°C. The feed gas mixture contained 5 mol.% of CO, 25 mol.% of H2O and the 
balance helium was used to make up the total gas flow rate to reach 50 
ml/min. The reaction studies were performed in the temperature range from 
300 to 500 °C. Methane gas was detected in negligible quantities by the GC.  
The catalyst performance was evaluated by catalyst activity (mol %) and is 
presented as CO conversion (XCO) and defined as follows: 
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For the reaction rate measurement, the total gas flow rate of 100ml/min with 
the diluted catalyst (diluted with powder SiO2 quartz) was performed in order 
to keep the total CO conversion below than 10%. The reaction condition with 
a mixture of 7 vol.% CO, 22 vol.% H2O, 20 vol.% H2, 10 vol.% CO2 and 
balance helium was used. The measurements were conducted at temperatures 
of 395 to 470 °C. The reaction rates calculated was shown as: 
 
6.3. Results  
6.3.1 X-ray Diffraction analysis 
 The XRD patterns of the synthesized ceria nano-shapes (Figure 6.1(a)) 
shows that all the ceria follows the distinct and characteristic peaks of fluorite-
type oxide structure of CeO2 (JCPDS 34-0394). The primary crystal size of 
ceria, which were calculated based on Scherrer equation are summarized in 
Table 6.1. The primary crystal size of ceria nano-shapes calcined at 700 °C 
follows the decreasing order of CeO2 (r), 22.6 nm > CeO2 (p), 20.8 nm > CeO2 
(s), 17.2 nm. After the impregnation of Ni-Cu bimetallic catalyst, no 
significant changed of ceria primary crystal size was observed (as shown in 
Figure 6.1 (b)). On the other hand, Figure 6.1 (c) shows the XRD patterns of 
the reduced 5Ni5Cu supported catalysts. It was found that the Ni-Cu alloy was 
successfully formed after the reduction at 500 °C for an hour and the sizes of 
Ni-Cu alloy for each catalyst are summarized in Table 6.1 [46]. The reduced 
5Ni5Cu/CeO2 (s) and 5Ni5Cu/CeO2 (p) catalysts have the similar Ni-Cu alloy 
size of 17.0 nm, whereas 5Ni5Cu/CeO2 (r) catalyst has the largest Ni-Cu alloy 














































































































































































































































































































































































































































































































































Chapter 6 - Thermally-stable CeO2 Nano-shapes as Catalyst Supports for High Temperature 






















































Chapter 6 - Thermally-stable CeO2 Nano-shapes as Catalyst Supports for High Temperature 
Water Gas Shift Reaction: Effect of Morphology on Surface and Catalytic Properties 
156 
 



























Figure 6.1 XRD patterns: (a) CeO2 catalyst support, (b) Fresh catalyst 
5Ni5Cu/CeO2, (c) Reduced catalyst 5Ni5Cu/CeO2. 
 
6.3.2 Catalyst morphology (FESEM) 
 Figure 6.2 (a-i) to (a-iii) show the morphologies of ceria nano-shapes 
after calcination at 700 °C. It can be clearly seen that the three synthesized 
ceria nano-shapes remain in the spherical, truncated polyhedral and nano-rod 
shapes, even after calcination at 700 °C, indicating that the synthesized ceria 
nano-shapes have high thermal stability. The particle size distribution of CeO2 
(s) was found to be in a range of 150-350 nm with the average secondary 
particle size of 284 nm (Figure S1), whereas CeO2 (p) is in the range of 675-
825 nm with the average secondary particle size of 725 nm (Figure S2). On 
the other hand, the CeO2 (r) was formed in a flower-like nano-rod structure, as 
shown in Figure 6.2 (a-iii). The secondary particle size of the CeO2 (r) is in a 
range of 250-560 nm (length) and 80-160 nm (width) (Figure S3). The 
formation of Ni-Cu alloy attached on ceria can be clearly observed in Figures 
6.2 (b-i) to (b-iii) after the reduction under H2 environment at 500 °C. The 
secondary particle size distributions of Ni-Cu alloy in three different catalysts 
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are depicted in Figures S4 to S6. It was found that with the mean particle sizes 
of Ni-Cu alloy follows the decreasing order of 5Ni5Cu/CeO2(r), 42.5 nm > 
5Ni5Cu/CeO2(p), 26.3 nm > 5Ni5Cu/CeO2(s), 16.7 nm. The Ni-Cu alloy mean 
particle size showed that ceria nano-sphere exhibited the smallest Ni-Cu alloy 
size, whereas ceria nano-rod revealed the largest Ni-Cu alloy size which are in 
agreement with XRD observations.    
 
Figure 6.2 FESEM images for CeO2 catalyst support: (a) Ceria support (Left) 
and (b) reduced catalyst (right) (i) spherical (ii) truncated polyhedral (iii) 
nano-rod. 
6.3.3 Textural properties of ceria nano-shapes supports and catalysts 
 The textural properties of ceria nano-shapes and catalysts (5Ni5Cu 
supported on ceria nano-shapes) were investigated and the results are 
summarized in Table 6.1. The specific surface area of ceria nano-shapes 
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exhibits the ascending order of CeO2 (r), 14.7 m
2
/g > CeO2 (p), 19.2 m
2
/g > 
CeO2 (s), 39.3 m
2
/g. Although the CeO2 (p) exhibits the larger specific surface 
area as compared to CeO2 (r), the CeO2 (r) has slightly higher total pore 
volume and pore diameter than CeO2 (p). A similar trend was also observed 
after the impregnation of Ni-Cu bimetallic catalyst, where the BET specific 




/g and 16.9 
m
2
/g for 5Ni5Cu/CeO2 (r), 5Ni5Cu/CeO2 (p), and 5Ni5Cu/CeO2 (s), 
respectively. It can be seen that the specific surface area and total pore volume 
of 5Ni5Cu/CeO2 (p) were greatly decreased as compared to others, which is 
probably due to the covering of Ni-Cu alloy on the pore [47]. 
 
6.3.4 H2-TPR and N2O pulse titration analyses  
CeO2 as a catalyst support, particularly the nano-shape structure was 
widely reported to play a critical role in catalysis especially in the water gas 
shift (WGS) and CO oxidation reactions. The H2-TPR analysis was performed 
in order to evaluate the surface lattice oxygen and bulk lattice oxygen of the 
synthesized CeO2 nano-shapes. The H2-TPR profile as shown in Figure 6.3 (a) 
indicates that all catalysts exhibit two distinct peaks at different temperatures, 
which can be assigned to the surface lattice oxygen (< 600 °C) and bulk lattice 
oxygen (>600 °C). Moreover, it was found that the CeO2 (s) exhibits the 
highest intensity peak of surface lattice oxygen occurred at 555 °C followed 
by CeO2 (p) occurred at 575 °C and CeO2 (r) which showed the lowest 
intensity peak of surface lattice oxygen occurred at 555 °C. The amount of 
hydrogen consumptions was subsequently calculated at surface lattice oxygen 
region and CeO2 (s) exhibited the highest hydrogen consumption of 4.07 
µmol, followed by CeO2 (p) (2.93 µmol) and CeO2 (r) (1.72 µmol). This result 
indicates that CeO2 (s) has the highest amount of surface lattice oxygen, which 
is mainly due to the small primary crystal size of CeO2 (s) [48]. In the 
presence of Ni-Cu bimetallic loaded onto the CeO2 support, 5Ni5Cu/CeO2 (s) 
catalyst exhibited three reduction peaks at 195 °C, 262 °C and 325 °C; 
5Ni5Cu/CeO2 (p) catalyst only exhibited two reduction peaks at 275 °C and 
337 °C; whereas 5Ni5Cu/CeO2 (r) catalyst also exhibited three reduction 
peaks but occurred at different temperature of 212 °C, 250 °C and 330 °C. The 
results implied that CeO2 (s) significantly increased the reducibility of Ni-Cu 
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bimetallic, due to the smallest ceria primary crystal size and the large specific 
surface area of CeO2 (s) as compared to other nano-shapes of CeO2. 
Interestingly, CeO2 (r) catalyst showed the second lowest reduction 
temperature as compared to CeO2 (p). This may indicate that although CeO2 
(r) has a low specific surface area, it could also enhance metal reducibility.          
The percent dispersions of Ni-Cu alloy was finally calculated based on 
the N2O pulse titration and the results are summarized in Table 6.1. 
5Ni5Cu/CeO2 (s) and 5Ni5Cu/CeO2 (p) catalysts exhibit almost similar in 
metal dispersion of ~15%, whereas 5Ni5Cu/CeO2 (r) catalyst exhibits the 
lowest metal dispersion (8.9%), which is in good agreement with the XRD 
result.  
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Figure 6.3 (a) H2-TPR for ceria nano-shape catalyst support (i) Spherical, (ii) 
Truncated Polyhedral, (iii) Nano-rod, (b) H2-TPR for 5Ni5Cu/CeO2 catalysts 
for three different ceria nano-shapes. 
 
6.3.5 X-ray Photoelectron Spectroscopy (XPS) analysis 
Figure 6.4 (i-a) displays O 1s spectra for three different nano-shapes of 
the calcined CeO2 supports. Two types of oxygen species, i.e. lattice oxygen 
(529 eV) and oxygen vacancy (531 eV) [49]
 
can be observed in all CeO2 
supports. The percentage amount of oxygen species is summarized in Table 
6.2. It was found that the CeO2 (r) occupies the highest oxygen lattice species, 
followed by CeO2 (p) and CeO2 (s), respectively. In contrast, CeO2 (s) 
occupies the highest oxygen vacancy (37.8%) as compared to other ceria 
nano-shapes. In addition to this, no clear relationship between different nano-
shapes was observed as it could be due to the preparation methods in forming 
different surface Ce
3+
. The lower shift of O1s spectra to lower binding energy 
was observed from CeO2 (s) to CeO2 (p) and CeO2 (r) catalyst support. This 
could be due to the formation different type of defects or enrichment of 
oxygen species as the CeO2 shape changed from spherical to truncated 
polyhedral to nanorod [50-51].  
Chapter 6 - Thermally-stable CeO2 Nano-shapes as Catalyst Supports for High Temperature 
Water Gas Shift Reaction: Effect of Morphology on Surface and Catalytic Properties 
161 
 
The oxidation state and surface compositions of reduced Ni-Cu 
bimetallic catalysts are measured after the loading of Ni-Cu bimetallic onto 
ceria nano-shapes. Figure 6.4 (ii-a) shows the O 1s spectra of all the reduced 
5Ni5Cu/CeO2 catalysts. Interestingly, the reduced 5Ni5Cu/CeO2 (r) exhibits 
the highest lattice oxygen and surface oxygen vacancies as compared to 
another two catalysts (shown in Table 6.2). This implies that the loading of 
Ni-Cu bimetallic onto CeO2 (r) significantly enhances the amount of surface 
oxygen vacancy of the catalyst. Figure 6.4 (ii-b) to (ii-d) show the Cu 2p, Ni 
2p and Ce 3d XPS spectra of the reduced 5Ni5Cu/CeO2 catalysts, respectively. 
The Cu 2p spectra and Ni 2p spectra imply a low shift of the binding energy,  
whereas Ce 3d spectra indicate the high shift of the binding energy for all the 
catalysts whereas only Ni 2p spectra of 5Ni5Cu/CeO2 (r) catalyst showed no 
significant low binding energy shift. It could be predicted that there is an 
interaction of Ni species with CeO2 (r) [52]. Moreover, surface Ni-Cu alloy is 
possibly formed for all catalysts whereas a strong interaction of Ni species 
with CeO2 (r) was observed [53]. This can be further explained by the surface 
composition analysis of Ni-Cu ratios which are summarized in Table 6.2. The 
surface composition analysis reveals the Ni-rich Ni-Cu alloy and the 
5Ni5Cu/CeO2 (r) catalyst showed less Ni species on surface as compared to 
5Ni5Cu/CeO2 (p) catalyst and 5Ni5Cu/CeO2 (s) catalyst. This could be 
possibly due to some of the Ni species which interacted with CeO2 (r), 
resulting in low ratio of Ni-Cu surface composition as observed. In addition, 
Ni ensemble on Cu is an efficient water-gas shift reaction in water dissociation 
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Figure 6.4 XPS pattern for (a) ceria, (i) O1s, (b) Reduced catalyst 
5Ni5Cu/CeO2 (i) O1s, (ii) Cu2p, (iii) Ni2p and (iv) Ce3d. 
 
 
6.3.6 Catalytic activity 
The effect of CeO2 nanoshape as catalyst support was investigated in 
high temperature WGS reaction. The WGS reaction was performed at 
different temperature ranging from 300 °C to 500 °C. As shown in Figure 6.5 
(a), 5Ni5Cu/CeO2 (r) catalyst exhibited the highest CO conversion over the 
given reaction temperatures, followed by 5Ni5Cu/CeO2 (p) and 5Ni5Cu/CeO2 
(s), respectively. The highest CO conversion of 80% can be achieved at 450 
°C for the 5Ni5Cu/CeO2 (r) catalyst. This is mainly due to the high amount of 
surface lattice oxygen, which is highly active for the direct CO oxidation (or 
WGS reaction), presents in the 5Ni5Cu/CeO2 (r) catalyst. A long term stability 
test was further performed to evaluate the catalyst performance. Figure 6.5 (b) 
shows the 5Ni5Cu/CeO2 (r) catalyst stability profile performed at 450 °C. No 
significant decrease in catalyst activity is shown for 5Ni5Cu/CeO2 (r) catalyst 
after 30 h of reaction time. The spent 5Ni5Cu/CeO2 (r) catalyst (after 30 hours 
of reaction) was further characterized by FETEM to determine the particle size 
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of Ni-Cu bimetallic (as shown in Figure 6.6(c-i) and (c-ii)). The Ni-Cu 
bimetallic particle size of the spent catalyst was found to be 40.1 nm which is 
almost the same size as that of the reduced 5Ni5Cu/CeO2 (r) catalyst (42.5 
nm) as shown in Figure S7. This result suggests that Ni-Cu bimetallic has a 
high interaction with  CeO2 (r) support, and hence preventing the thermal 
agglomeration of Ni-Cu bimetallic particles. However, the structure of CeO2 
(r) support was slightly changed from the flower-like nano-rod structure to 
larger size nano-rod. Although the structure of  CeO2 (r) support in the 
5Ni5Cu/CeO2 (r) catalyst was changed, there was no significant catalyst 
deactivation observed in the long term catalyst stability test after 30 hours of 
reaction. The FETEM-EDX is further utilized to identify the catalyst structure 
of all the reduced catalysts. Figures 6.6 (a i-iii) to (b i-iii) shows that Ni-rich 
Ni-Cu alloy structure is the main structure in catalyzing the WGS reaction 
where the ‘red’ region is an indication for nickel element, ‘green’ region for 
copper element and ‘blue’ region for ceria element.  
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Figure 6.5 (a) Catalytic activity for three differences ceria nanoshapes, (b) 
Stability test for 5Ni5Cu/CeO2 nano-rod at 450°C for 30 hours (Reaction 
Condition: 5%CO, 25%H2O and balance He).  
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Figure 6.6 (a) FETEM, (b) EDX for reduced 5Ni5Cu/CeO2 (i) spherical, (ii) 
truncated polyhedral, (iii) nano-rod, (c) (i)-(ii) FETEM images for spent 
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To examine the reaction rate for all the catalysts, Arrhenius plot was 
performed and presented in Figure 6.7. The reaction rate measurement is 
normalized based on Ni-Cu bimetallic specific surface area determined from 
N2O chemisorptions and the reaction condition is carried out in the presence of 
product gases (H2 and CO2). It can be clearly observed that the reaction rates 
depend strongly on the ceria nanoshapes and 5Ni5Cu/CeO2 (r) catalyst shows 
the highest reaction rates ~0.5 μmol/s.m2 at 425 °C, around 2 times and 2.5 
times higher than 5Ni5Cu/CeO2 (p) catalyst and 5Ni5Cu/CeO2 (s) catalyst 
respectively. Interestingly, the apparent activation energy (Ea) for three 
catalysts follows the increasing sequences: ~41 kJ/mol (rod) < ~71.5 kJ/mol 
(truncated polyhedral) < ~87 kJ/mol (spherical). This result clearly shows that 
the structure of ceria support significantly affects the WGS reaction rate and 
the highest amount of the surface oxygen vacancy in the CeO2 (r) could be 
responsible for the lowest Ea of the 5Ni5Cu/CeO2 (r) catalyst.  






























Truncated Polyhedral  
 
Rod
Figure 6.7 Arrhenius plot for three differences ceria nanoshapes (Reaction 
condition: 7%CO, 22%H2O, 8.5%CO2, 20%H2 and balance He). 
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6.3.7 TPR-CO-MS analysis 
CO-TPR-MS, a widely used characterization technique in identifying 
the surface oxygen species and the reactivity of the catalysts toward CO 
particularly for CO oxidation and WGS reaction. There are four main 
reactions: (i) surface WGS reaction, (ii) CO disproportionation, (iii) oxidation 
of CO by surface lattice oxygen and (iv) the reaction of C-H intermediate 
species (s-support) with an adsorbed H species on a metal surface (M) as listed 
in (Eq. 6.1) to (Eq. 6.4) [55-58]. 
CO-M + OH-s  0.5H2(g) + CO2(g)  + -]   (Eq 6.1) 
2CO-M  CO2(g) + C-M + M    (Eq. 6.2) 
CO-M + Os  CO2(g)  -]     (Eq. 6.3) 
HCOO-s + H-M  CO2(g) + H2(g) -]   (Eq. 6.4) 
It can be clearly observed from Figures 6.8 (a) and 6.8 (b) that the CeO2 (p) 
demonstrates the highest CO consumption and CO2 production at low 
temperature, followed by CeO2 (r) and CeO2 (s), respectively. This result 
suggests that CeO2 (p) consists of highly reactive oxygen species (high 
amount of surface lattice oxygen) which can be released at 200 °C and 275 °C. 
In conjunction with this, CeO2 (r) oxidize CO via surface lattice oxygen at 275 
°C and 450 °C whereas CeO2 (s) did it at 480 °C. Moreover, the surface WGS 
reaction spontaneously occurs for all the catalysts in H2 production (Figure 6.7 
(c)). A strong peak of the hydroxyl group was also observed on the surface of 
CeO2 (r) at low temperature (350 °C). This result implies that the active 
hydroxyl group presents on ceria nano-shapes helps to promote the surface 
WGS reaction. A high intensity of H2 production can also be observed for 
CeO2 (p) evolved at 550 °C whereas a minor peak is also observed for CeO2 
(s). This result clearly shows that the active hydroxyl group will only be 
formed at 550 °C and 575 °C for CeO2 (p) and CeO2 (s), respectively, which 
are much higher than CeO2 (r). Upon loading of Ni-Cu bimetallic catalyst, the 
surface lattice oxygen of 5Ni5Cu/CeO2 (r) are more active especially at high 
temperature, leading to the oxidation of CO, and hence resulting in the highest 
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intensity of CO2 production at 500 °C (Figure 6.9 (a) and (b)). Moreover, H2 
evolution at 350 °C is also concurrently occurred, suggesting the spontaneous 
occurrence of a surface WGS reaction at this temperature (Figure 6.9 (c)). For 
5Ni5Cu/CeO2 (p) and 5Ni5Cu/CeO2 (s) catalysts, low CO2 evolution was 
observed after the Ni-Cu was loaded, indicating that low or less oxygen 
species from ceria were activated. Therefore, it can be concluded that 
5Ni5Cu/CeO2 (r) provides two different active sites: (i) the active hydroxyl 
species at temperature around 350 °C; and (ii) the surface lattice oxygen 
species at a higher temperature of ~500 °C, which is active for the WGS and 
CO oxidation, respectively. 
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Figure 6.8 TPR-CO-MS for ceria nanoshapes (a) CO consumption, (b) CO2 
production and (c) H2 production.  
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Figure 6.9 TPR-CO-MS for reduced 5Ni5Cu/CeO2 catalysts (a) CO 
consumption, (b) CO2 production and (c) H2 production. 
6.3.8 In-situ DRIFTS for CO adsorption on ceria nanoshapes 
CO adsorption is performed to identify the ceria surface active species 
in catalysis using in-situ DRIFTS spectroscopy. Ceria is firstly outgassed at 
250°C for one hour using purified helium and then cooled down to 25 °C. A 5 
vol.% CO in 95% helium gas is introduced to investigate the surface 
properties of ceria from 25 °C, 50 °C to 600 °C with 50 °C as the temperature 
interval. The surface species observed during CO adsorption study are 
tabulated in Table 6.3 and the detailed explanations are discussed as follows. 
Three main regions of reactive surface species are observed during CO 
adsorption study for three ceria nanoshapes named as surface hydroxyl (3800-
3500 cm
-1
), surface formate (3000-2700 cm
-1
) and surface carbonate (2000-
800 cm
-1
). In the surface hydroxyl zone, three types of hydroxyl species (Type 
I-OH, (3710 cm
-1
) Type II-A-OH (3660-3680, 3650 cm
-1
) and Type III-OH 
(3600, 3600 cm
-1
 cerium oxy-hydroxide)) are observed at different 
temperature for all the ceria nanoshapes [59-60]. It can be clearly seen that 
type I-OH and Type II-A-OH are present at 100 °C and 150 °C respectively,  
for CeO2 (s) whereas type I-OH is observed at room temperature for CeO2 (p) 
and CeO2 (r). Bidentate formate (2945, 2852 cm
-1
) is also observed for three 
ceria nano-shapes in the surface formate zone [61]. CeO2 (s) exhibits the 
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highest intensity, whereas CeO2 (p) and CeO2 (r) show the lowest intensity of 
bidentate formate species. This could imply that bidentate formate is easily 
decomposed to CO2 and H2 on CeO2 (p) and CeO2 (r), which is in good 
agreement with the CO-TPR-MS profile (Figure 6.8 (c)) showing that 
hydrogen is evolved at low temperature for CeO2 (p) and CeO2 (r). An 
indication of the reaction between the adsorbed CO with the surface hydroxyl 
group to form bidenate formate as an intermediate species and then 
decompose to CO2 and H2 [61]. In the carbonate region, the spectra (Figures 
6.10 (a) and (b)) presents a substantial change in intensity and peak position of 
carbonates species as a function of temperature. This is mainly due to the 
formation and decomposition of different types of carbonate species via the 
reaction between the adsorbed CO with surface oxygen, occurring 
simultaneously by increased temperatures. For all the ceria nanoshapes, there 
are generally two groups of carbonate species are found at two different 
temperature zones. At low temperature (<300 °C), unidentate carbonate (1545, 
1348, 1062 cm
-1
) and bidentate carbonate (1562, 1286, 1028 cm
-1
) are 
commonly observed, whereas at high temperature (>300 °C), polydentate 
(1462, 1353, 1066 cm
-1
) and bridged carbonates (1728, 1396, 1219, 1132 cm
-
1
) species are appearing [62-63]. These carbonate species act as a reactive 
intermediate species for CO oxidation reaction and recently has also been 
identified as the important species for WGS reaction [64].  
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Figure 6.10 CO adsorption-DRIFTS spectra for ceria nano-shapes (a) 
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6.3.9 The intrinsic properties for ceria nano-shape 
 Ceria nano-shapes with high thermal stability (up to 700°C) were 
successfully synthesized via hydrothermal and solvothermal methods. The 
physicochemical properties of CeO2 nano-shapes were extensively 
investigated via several catalysts characterization techniques. CeO2 (r) and 
CeO2 (p) show almost similar primary crystal size and specific surface area 
(discussed in section 6.3.1 to 6.3.3). These indicate that specific surface area 
and primary crystal size will not be the main factor in affecting the intrinsic 
properties of different ceria nano-shapes. Moreover, CeO2 (r) consists of the 
highest surface lattice oxygen (Table 6.2) and posses reactive surface hydroxyl 
species at low temperature as shown in Figure 6.8 (c). Conversely, CeO2 (p) 
exhibits the highest amount of reactive surface lattice oxygen when contacted 
with CO at low temperature, suggesting high concentrations of surface lattice 
oxygen. In addition, reactive hydroxyl species are also found to exist at high 
temperature (Figure 6.8 (c)). From in-situ DRIFTS measurement techniques 
(Figure 6.9 (c)), several types of hydroxyl species are observed on different 
nano-structure of ceria. Importantly, the reactivity of hydroxyl group presence 
on nanostructure ceria should be identified. This is because the hydroxyl group 
plays a vital role in the WGS reaction. For instance, only the active hydroxyl 
species will react with the adsorbed CO on Ce
4+
 to form surface intermediate 
species (such as formate or carboxyl) [28]. The decomposition of these 
intermediate species occurred only at temperature above 400°C (as shown in 
Figure 6.8(c)). In comparison with CeO2 (s), type I-OH hydroxyl group is 
found at low temperature (25°C) for CeO2 (p) and CeO2 (r).  This could be due 
to the presence of high density of different facets of ceria, such as edges or 
kinks in promoting the formation of type I-OH species [40,65-66]. Moreover, 
this may indicate that the presence of type I-OH hydroxyl group at low 
temperature is the main active hydroxyl species in the formation of surface 
active intermediate species for CeO2 (r). 
Bidentate formate species are observed to exhibit the highest intensity 
on CeO2 (s) whereas CeO2 (r) showed the lowest intensity. This may imply 
that the presence of the active hydroxyl group at low temperature on CeO2 (r) 
promotes the formate formation and decomposition. Thus, low intensity of 
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bidentate formate species is seen to appear on CeO2 (r) in-situ DRIFTS spectra 
(Figure 6.10 (c)). Unidentate and bidentate carbonate species are mostly 
observed for all the ceria nanoshapes particularly at low temperature (< 300 
°C) whereas at high temperature (> 300 °C) polydentate and bridged carbonate 
species are appearing. This could be predicted that the decomposition of 
carbonate species (unidentate and bidentate) to CO2 formation or transform 
into polydentate and bridged carbonate species at elevated temperatures [62-
63].  
6.3.10 The role of CeO2 nano-shapes in water gas shift reaction 
After the extensive investigation of ceria nano-shapes intrinsic 
properties, the Ni-Cu bimetallic catalysts are then impregnated on these ceria 
nano-shapes to study the catalytic activity for high temperature WGS reaction. 
5Ni5Cu/CeO2 (r) catalyst showed the highest CO conversion at 450 °C and 
stable after 30 h of time on stream. The formation of Ni-riched Ni-Cu alloy 
interacting with CeO2 is postulated to be an active site in catalyzing the water 
gas shift reaction which is evidenced in FETEM-EDX and XPS surface 
composition measurement. After the impregnation of Ni-Cu bimetallic, high 
surface oxygen vacancy is also observed for 5Ni5Cu/CeO2 (r) catalyst relative 
to other catalysts as shown from XPS surface composition analysis [67]. As 
deduced from CO-TPR-MS measurement, surface lattice oxygen present on 
5Ni5Cu/CeO2 (r) catalyst are the dominant factors in affecting the low 
temperature and high temperature water gas shift reaction respectively. As 
discussed earlier, CeO2 (r) consists of reactive type I-OH group, thus, it is 
possible to postulate that the active type I-OH group observed on CeO2 (r) 
played the critical role in the formation of active intermediate species in water 
gas shift reaction. Apart from the surface hydroxyl species, various carbonate 
species are also observed to play a critical role in WGS reaction. However, to 
further prove whether this active species are the dominant active intermediate 
species, advanced spectroscopic technique with steady state isotopic transient 
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In this study, thermal stability of ceria nano-particles with different 
shapes was successfully synthesized via hydrothermal and solvothermal 
methods to investigate the role of ceria nano-shapes as a catalyst support for 
high temperature WGS reaction. Several important findings are summarized as 
below: 
(i) The specific surface area and primary crystal size for all the ceria 
nano-shapes show that these physicochemical properties are not to be 
the main factor in affecting the catalytic activity, whereas the intrinsic 
properties of ceria nano-shapes are postulated to be the critical role.     
(ii) The intrinsic properties of CeO2 nanoshapes are investigated by using 
several catalyst characterization techniques. CeO2 (r) nanorod exhibits 
the highest surface lattice oxygen and reactive type I-OH hydroxyl 
group (linear hydroxyl group). CeO2 (p) truncated polyhedral possess 
highly reactive surface lattice oxygen starting from low temperature to 
high temperature.      
(iii) 5Ni5Cu/CeO2 (r) catalyst exhibits the highest catalytic activity and 
stability at 450 °C. Ni-rich Ni-Cu alloy interaction with ceria nanorod 
is postulated to be the active site of WGS reaction. High surface 
oxygen vacancy is found present on this catalyst. With this ceria 
nanorod as catalyst support, the formation of the active hydroxyl group 
in catalyzing water gas shift reaction at low temperature is observed, 
whereas surface lattice oxygen is activated for high temperature WGS 
reaction.    
Supporting Information (Appendix C) 
CeO2 nanoshapes catalysts supports, Ni-Cu bimetallic reduced catalysts and 
spent 5Ni5Cu/CeO2 (r) catalyst particle size distributions were enclosed in the 
supporting information (Figure S1-S7).   
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CHAPTER 7 - BIMETALLIC Ni-Cu CORE-CERIA SHELL 
CATALYST FOR HIGH TEMPERATURE WATER GAS SHIFT 
REACTION: THE UNIQUE PROPERTIES OF CORE-SHELL 
STRUCTURE 
After the evaluation of the effect of ceria nanosizes and nanoshapes in 
controlling the high temperature water gas shift activity, the metal support 
interaction is also a critical factor in determining the high catalytic activity 
particularly on ceria as catalyst support. Thus, a core-shell catalyst structure 
has been synthesized to maximize the metal-support interaction. Highly 
dispersed Ni-Cu bimetallic core encapsulated with ceria shell catalyst has been 
successfully synthesized via a combination of positive emulsion and self-
assembly method. Several catalyst characterization techniques are 
implemented to investigate the core-shell structure and its unique properties. 
FETEM, XRD, XPS and N2O chemisorption illustrated that a narrow and 
uniform Ni-Cu bimetallic average particle size of 3.4 nm encapsulated with 
the average ceria shell size of 4.3-5.4 nm was formed. A 10wt% Ni-Cu 
bimetallic encapsulated with ceria catalyst exhibits high catalytic activity and 
stability at 500°C for high temperature water gas shift reaction. This could be 
due to the contributing factors of high metal-support interaction, small Ni-Cu 
bimetallic particle size and high surface lattice oxygen in enhancing water gas 
shift reaction. Moreover, the strongly-adsorbed CO and the presence of type I-
OH hydroxyl group on the core-shell catalyst implied that these two active 
species could be the main important species in the formation of active 
intermediate species for water gas shift reaction as evidenced by the CO-TPR-
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Metal sintering or aggregation is one of the major issues in catalysis, 
particularly for metal size dependent reactions such as water gas shift (WGS) 
reaction, CO oxidation, alcohol reforming and other reactions [1-6]. A few 
methods explored to resolve this issue in preparing an active and stable 
catalyst include: the addition of metal, the introduction of promoters, the 
enhancement of strong metal support interaction and the embedding a metal 
with porous structures or confined metal into a well-defined channel [7-11]. 
Embedded metal with porous metal oxide structures (named as core-shell 
structure) are currently receiving great attention due to its high thermal 
stability and high metal-support interaction [12-13]. Several methods have 
been employed to encapsulate or embed the metal; for instance, 
microemulsion, self-assembly, deposition and other methods [14-18]. The 
self-assembly method poses an advantage in preparing the dispersible metal 
with a variety of inorganic shell such as silica, alumina, ceria, zirconia, iron 
oxide, titanium oxide and other metal oxides [19].
 
In addition, the idea of 
metal encapsulated with metal oxide catalyst has been reported by many 
researchers in a variety of reactions [20-21].
 
For example, in partial oxidation 
of methane, Li et al. reported that Ni encapsulated silica shell with tunable 
shell porosity, microcapsular cavity and nickel metal size exhibited superior 
activity and durability [22].
 
Forman et al. revealed that Pd encapsulated with 
silica is a promising sintering resistant and a regenerable catalyst in acetylene 
hydrogenation [23]. Moreover, Au@SnO2 core-shell catalyst exhibited 
superior catalytic activity and high temperature stability in CO oxidation as 
reported by Yu et al. [24]. In preferential CO oxidation reaction, Cargnello et 
al. reported that Au@CeO2 exhibited highly active and stable performance as 
compared to traditional catalyst [25].
 
An exceptional catalytic activity for 
methane oxidation by using subunit Pd@CeO2 supported on functioned 
alumina is also revealed by Cargnello et al., showing greater catalytic activity 
and thermal stability owing to the enhanced metal-support interactions [26].
 
In 
addition, Chen et al. reported that high calcination temperature of 1073K for 
Pd@ceria also improved catalytic properties [27].
 
Apart from thermal stability 
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and sintering resistant properties, Ag@CeO2 also displayed a chemoselective 
reduction of unsaturated aldehydes [28]. 
In water gas shift reaction, monometallic encapsulated with silica or 
ceria shell has shown promising catalytic activity, stability and selectivity in a 
recent study. Wang et al. revealed that Pt embedded throughout the silica shell 
and stabilized by the alkali ion showed remarkable stability with time-on-
stream [29]. Ceria-based catalysts showed a remarkable catalyst improvement 
and have received great interest due to its unique properties such as redox and 
oxygen storage capacity [30].
 
As a result, ceria has been widely used as the 
inorganic shell for water gas shift reaction. Yeung and Tsang found that 
Pt@CeO2 catalyst prepared by microemulsion method achieved high 
selectivity for water gas shift reaction as compared to deposition method [31].
 
Moreover, in sour water gas shift reaction, Pt encapsulated with ceria-zirconia 
displayed better sulfur tolerance as compared to supported catalyst [32].
 
Rodriguez et al. also revealed that the inverse structure of CeOx and TiOx 
grown on Au showed the importance of the oxygen vacancies of metal oxide 
nanoparticles in promoting water dissociation [33]. Furthermore, they also 
indicated that the inverse CeO2/CuO presented a unique role of CeO2 
nanoparticles in water gas shift reaction and preferential oxidation reaction 
[34-35]. All of these catalysts show that the importance of ceria as catalyst or 
catalyst supports particularly in the water gas shift reaction [36-38]. 
Bimetallic nanostructures are commonly shown to perform better than 
mono-metals in terms of selectivity, activity and stability in many reactions 
[39-40].
 
For instance, Rh@Pt bimetallic catalyst has shown to exhibit high 
catalytic activity and selectivity in CO oxidation [41]. Pd-Pt nanostructures 
also presented more activity towards oxygen reduction reaction [42]. Au-Pd 
core-shell nanocrystals displayed better performance in oxidation of benzyl 
alcohol to benzaldehyde [43].
 
Zhang and Su unveiled that Au@Ag core-shell 
bimetallic nanoparticles showed a higher catalytic activity than Au and Ag 
monometallic nanoparticles for 4-nitrophenol reduction [44].
 
In formic acid 
electroxidation reaction, Zhou and Lee reported that Au@Pd core-shell can 
significantly improve catalytic activity and stability [45].
 
In addition, Cu@Ni 
supported alumina catalyst showed high selectivity towards water gas shift 
Chapter 7 - Bimetallic Ni-Cu Core-Ceria Shell Catalyst for High Temperature Water Gas Shift 
Reaction: The Unique Properties of Core-shell Structure 
187 
 
reaction with less extent of methanation as a side-reaction [46].
 
Li et al. 
revealed that Ni-Co encapsulated with porous silica is able to enhance 
catalytic activity and suppress carbon formation in the partial oxidation of 
methane [47].
 
As compared to the traditional supported bimetallic catalysts 
such as Pt-Re/TiO2, Cu-Ni/Al2O3, Pd-Cu/CeO2, Au-Cu/CeO2, Cu-Ni/CexLa1-
xO2 and other bimetallic catalysts, bimetallic catalysts have also been shown to 
exhibit superior catalytic activity and selectivity in water gas shift reaction 
[48-53].
 
However, the inverse catalyst structure with the ceria-encapsulated 
bimetallic particle has not been reported so far for water gas shift reaction. The 
uniqueness of this core-shell structure has motivated us to investigate the 
bimetallic core-ceria shell nanostructures for water gas shift reaction. 
Herein, a bimetallic core consisting of Ni-Cu bimetallic alloy with the 
controllable core-sizes and the molar ratio of 1 embedded with ceria shell was 
successfully synthesized. A combination method of positive emulsion and 
self-assembly was implemented to prepare a well-dispersed Ni-Cu bimetallic 
embedded with ceria. The loadings of Ni-Cu bimetallic core were varied and 
compared with the conventional impregnation method. The intrinsic properties 
of Ni-Cu bimetallic core-ceria shell were extensively investigated in terms of: 
(i) core-shell structure, (ii) active oxygen species, (iii) surface active species. 
The main reason to employ the Ni-Cu molar ratio of 1 is due to the role of Ni-
Cu alloy in suppressing side reaction in WGS reaction [4].
   
7.2 Experimental 
7.2.1 Catalysts preparation 
(a) Materials 
The starting materials sources were copper chloride dehydrate 
(CuCl2.2H2O), nickel chloride hexahydrate (NiCl2.6H2O), sodium hydroxide 
(NaOH), oleic acid (95% purity), 1-decanol (98%), dodecanoic acid (>99%) 
sodium methoxide (25wt% in methanol), sodium borohydride (NaBH4,>98%), 
cerium ammonium nitrate ((NH4)2Ce(NO3)6, CAN, >98.5%) supplied from 
Sigma Aldrich whereas the solvents (ethanol, methanol, hexane, toluene, 
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tetrahydrofuran (THF)) were of reagent grade purchased from Fisher 
Chemical. 
(b) Synthesis of Ni-Cu bimetallic Nanoparticle 
 Ni-Cu bimetallic alloy with the molar ratio of 1 was prepared 
via positive microemulsion, adapted from a literature method with a slight 
modification [54]. 0.40g of NaOH was dissolved in 20mL of DI water and 
30mL of ethanol. 8mL of oleic acid and 2mL of hexane were then added into a 
round bottom flask and stirred to give a clear solution. An appropriate 
concentration of Ni and Cu precursors with 0.1M each was pre-dissolved in 
5mL of DI water and added dropwise into the solution, yielding a transparent 
cyan solution and stirred for 30mins to ensure homogeneity of the solution. 
Thereafter, a 5mL solution of NaBH4 (0.3786 g) was dissolved in DI water 
and added into the cyan solution at a rate of approximately 2.5-3mL/min. The 
solution was immediately turned into black with bubble formation. The 
solution was continuously stirred until the bubbles disappeared, for a total time 
lasting up to 30mins. After the reaction, 30mL of hexane was added to disrupt 
the micelle solution and the oleic acid coated bimetallic nanoparticles are 
extracted into hexane and separated using a separatory funnel, followed by 
washing and centrifuging repeatedly with ethanol to remove excess oleic acid. 
The final oleic acid-protected Ni-Cu bimetallic nanoparticles were then dried 
in vacuum oven at room temperature.   
(c) Synthesis of Cerium (IV) Tetrakis(decyloxide) 
Ceria shell precursor, cerium (IV) tetrakis(decycloxide) was 
synthesized following previously reported procedures [55-57]. 5.48g of cerium 
ammonium nitrate (CAN) was added into 20mL of methanol to yield a deep 
red solution. The solution was then purged under nitrogen flow to maintain an 
inert reaction environment. 7.64mL of 1-decanol was then added to the 
solution (4 mol vs Ce). Thereafter, 13.72 mL of sodium methoxide (25wt% in 
methanol) was added dropwise (6 mol vs Ce), yielding a bright yellow 
precipitate. The mixture was then diluted with 25mL of toluene and heated to 
50°C with constant stirring overnight. The methanol was evaporated by 
heating in a water bath maintained at 70°C under nitrogen flow. Subsequently, 
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after all the methanol has evaporated, 25mL of toluene was added and placed 
into a 50°C water bath for another 2 hours. The solution is then cooled to room 
temperature, filtered and washed with toluene, to remove the white solid 
(sodium nitrate) and obtained a final orange-yellow solution. The solution is 
then dried in vacuum oven to give a gel-like orange-yellow product.  
(d) Synthesis of Ni-Cu@CeO2 Nanostructures 
The self-assembly method was modified from the techniques reported 
by Cargnello et al. [55], using the functional groups of the precursors for the 
formation of core-shell structure. The preparation of Ni-Cu@CeO2 with the 
desired composition (Ni-Cu concentration of 1, 5, 10 and 15 wt%) was 
synthesized by adding the THF solution (10mL) of oleic acid protected Ni-Cu 
bimetallic nanoparticles to THF solution (10mL) of cerium shell precursor, 
followed by the addition of a THF solution (10mL) of dodecanoic acid (1mol 
vs Ce) under continuous stirring. Finally, small amount of DI water (120mol 
vs Ce) dissolved in 10mL of THF is then slowly added into the solution over a 
period of 4 hours. The catalysts are then retrieved by centrifuging the solution 
and washed several times with ethanol and dried in a vacuum oven. The 
precipitate is named as fresh catalyst. The fresh catalyst was then calcined at 
500°C for 2hours at a heating rate of 2°C/min and named as calcined catalyst. 
As a reference, the conventional impregnation catalyst using the calcined ceria 
shell (ceria shell as support precursor) and then impregnated with Ni and Cu 
and finally calcined at the same condition as core-shell catalyst. The 
impregnated catalyst and core-shell catalyst were denoted as 5Ni5Cu/CeO2 
and 5Ni5Cu@CeO2 respectively.  
7.2.2 Catalysts characterizations 
The CeO2 catalyst support, 5Ni5Cu/CeO2 and 5Ni5Cu@CeO2 catalysts 
were characterized based on XRD, BET, ICP-MS, H2-TPR, N2O pulse 
chemisorptions, CO-TPR-MS, FETEM-EDX, XPS and in-situ DRIFTS. The 
details of the aforementioned catalysts characterizations techniques are 
explained in Chapter 3, section 3.4.  
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7.2.3 Catalytic activity 
The WGS reaction was conducted in a fixed-bed flow reactor system 
with 50mg of the catalyst was packed inside the reactor for each run and pre-
reduced in the flowing hydrogen (10 ml/min) for one hour at 500°C. The feed 
gas mixture contained 5mol% of CO, 25%mol of H2O and the balance helium 
was used to make up the total gas flow rate to reach 50 ml/min. The reaction 
studies were performed in the temperature range from 300 to 500°C. Methane 
gas was detected in negligible quantities by the GC.  
The catalyst performance was evaluated by catalyst activity (mol %) 
and is presented as CO conversion (XCO) and defined as follows:  
 
 
7.3 Results and discussions 
7.3.1 Surface area and chemical compositions of core-shell catalysts 
To gain insight into the textural properties of core - shell catalysts, 
BET analysis was performed and the results are summarized in Table 7.1. 
With the increase of Ni-Cu bimetallic loading, the specific surface area is 
gradually increased from 93.5 m
2
/g to 131.6 m
2
/g, corresponding to 0wt% to 
15wt% metal loadings. Besides, the total pore volume and pore diameter also 
increase with the increase of metal loadings. All the synthesized core-shell 
catalysts consist of mesopore pore diameter (2.92 to 6.52 nm). The increase of 
specific surface area is due to the decline of ceria crystal size with increased 
metal loading. The Ni-Cu metal loading and composition were measured by 
ICP-MS to validate the theoretical metal loading. The results are tabulated in 
Table 7.1 and indicate that the synthesized catalysts match the theoretical 
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7.3.2 XRD analysis 
Figure 7.1 (a) shows the XRD pattern of fresh Ni-Cu bimetallic 
nanoparticles with the ratio of 1, prepared using the positive microemulsion 
method. An amorphous phase of Ni-Cu bimetallic alloy is observed. The fresh 
catalyst of 5Ni5Cu@CeO2 with various bimetallic loading was analyzed by 
XRD as shown in Figure 7.1 (b). All of the samples are shown to exhibit only 
amorphous CeO2 nanostructure. The fresh catalyst is further calcined at 500°C 
and the XRD patterns are illustrated in Figure 7.1 (c). The CeO2 observed 
from Figure 7.1 (c) follows the major peak of fluorite-type oxide structure 
(JCPDS 34-0394) and the crystal size of CeO2 is tabulated in Table 7.1. The 
CeO2 crystal size is decreased as the Ni-Cu bimetallic loading increased from 
0wt%, 1wt%, 5wt%, 10wt% to 15wt% with the CeO2 crystal size of 7.9 nm, 
5.6 nm, 4.6 nm, 4.3 nm, 3.5 nm respectively. The XRD patterns of bimetallic 
Ni-Cu of 10wt% of 5Ni5Cu@CeO2 catalyst and 5Ni5Cu/CeO2 catalyst are 
compared and depicted in Figure 7.1 (d). The result shows that the major peak 
of fluorite-type oxide structure CeO2 is observed for both catalysts and no 
clear distinct NiO and CuO peaks are observed. With this core-shell structure 
(5Ni5Cu@CeO2), a small CeO2 crystal size was seen and exhibited high 
surface area as compared to conventional impregnation catalyst (as shown in 
Table 7.1). These two catalysts were reduced at 500°C for 1hr and the XRD 
patterns are illustrated in Figure 7.1 (e). It can be clearly observed that 
5Ni5Cu@CeO2 catalyst exhibits lower crystal size than 5Ni5Cu/CeO2 catalyst 
in terms of Ni-Cu alloy size and ceria crystal size. The metal dispersions are 
calculated based on the N2O pulse titration for 5Ni5Cu@CeO2 catalyst and 
5Ni5Cu/CeO2 catalyst (as shown in Table S1). The 5Ni5Cu@CeO2 catalyst 
reveals extremely low metal dispersion (3.4%) as compared to 5Ni5Cu/CeO2 
catalyst with 14.7% metal dispersion. This could be due to the coverage of Ni-
Cu bimetallic with ceria shell, resulting in low metal dispersion [58]. 
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Figure 7.1 XRD patterns: (a) Fresh 5Ni5Cu bimetallic, (b) Fresh 5Ni5Cu 
bimetallic core-ceria shell, (c) Calcined 5Ni5Cu bimetallic-ceria shell, (d) 
Calcined catalysts (5Ni5Cu/CeO2 and 5Ni5Cu@CeO2) and (e) Reduced 
catalysts (5Ni5Cu/CeO2 and 5Ni5Cu@CeO2). 
 
7.3.3 Catalyst morphology (FETEM) 
Figure 7.2 (a) and (b) depict the FETEM images of the synthesized Ni-
Cu bimetallic particle size. The Ni-Cu bimetallic alloy nanoparticle size is 
found to be located within 3.5 - 7.0 nm with the mean particle size of 5.7nm 
and the observed results are in-line with the reported results [54]. Figure 7.3 
(a) and (b) clearly illustrates the dispersion of Ni-Cu bimetallic covered with 
ceria shell as the protective layer. The Ni-Cu bimetallic sizes are measured 
and exhibited bimetallic particle sizes falling in the range of 2.4 to 4.0 nm with 
the average bimetallic particle size of 3.4 nm as shown in Figure S1. Besides, 
the dispersion of Ni-Cu bimetallic particle size is captured by FETEM-EDX 
and the results are shown in Figure 7.3 (c). This has once again revealed that 
the good dispersion properties of Ni-Cu bimetallic in ceria shell. 
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Figure 7.2 FETEM images for fresh catalyst bimetallic Ni-Cu core 
magnification scale of (a) 50 nm, (b) 5nm, (c) Particle size distribution. 
 
7.3.4 H2-TPR measurement 
The reducibility of the core-shell catalysts were investigated by 
performing H2-TPR. Two intense peaks are observed for all the core-shell 
catalysts with various metal loadings, occurring at 200°C and 240°C (shown 
in Figure 7.4 (a)). These two peaks could be due to the formation of Ni-Cu 
alloy [59]. In addition, as the metal loading increased to more than 10wt% of 
Ni-Cu, an additional peak located at 450°C started to appear and further 
increase in metal loading to 15wt%, enhances the shifting of the peak to higher 
temperature (500°C). This implies that as the metal loading increased further, 
a segregated metal is possibly present where the ceria shell is not sufficient to 
encapsulate the bimetallic core. Comparison between 5Ni5Cu/CeO2 and 
5Ni5Cu@CeO2 catalysts is shown in Figure 7.4 (b), where a few peaks are 
observed for supported catalyst whereas only two peaks are seen for core-shell 
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catalyst. This could possibly indicate that a relatively narrow and uniform Ni-
Cu alloy is formed for core-shell catalyst.  
 
 
Figure 7.3 Images for (a) fresh 5Ni5Cu@CeO2 catalyst core-ceria-shell, (b) 
enlarged image, (c) FETEM-EDX of fresh 5Ni5Cu@CeO2 catalyst. 
(a) 
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Figure 7.4 H2-TPR for (a) Various loading of Bimetallic Ni-Cu Core-Ceria 
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7.3.5 X-ray Photoelectron Spectroscopy (XPS) analysis 
XPS analysis was used to investigate the surface species of as prepared 
Ni-Cu bimetallic catalysts using positive emulsion method assisted by oleic 
acid. Figure 7.5(i-a) illustrates Cu2p spectra for fresh and reduced Ni-Cu 
bimetallic catalyst. Two distinct peaks are observed at 932.6eV and 934.9eV 








In contrast, a low 
shift of binding energy to 932.3eV relative to standard Cu
o
 binding energy 
(932.4eV) is observed for reduced Ni-Cu bimetallic catalyst. Ni2p spectra of 
fresh and reduced Ni-Cu bimetallic are also displayed in Figure 7.5 (i-b). A 
0.1 eV shift of Ni2p to lower binding energy in comparison with standard Ni
o
 
species is observed for reduced Ni-Cu bimetallic whereas Ni
2+
 species 
(Ni(OH)2) is seen from fresh Ni-Cu bimetallic catalyst. Thus, it can be 
concluded that Ni-Cu bimetallic alloy is formed after hydrogen reduction at 
500°C due to the low shift of Cu2p and Ni2p spectra [61]. Apart from the 
formation of alloy species observed after hydrogen reduction, Cu-rich Ni-Cu 
alloy is found (shown in Table 7.2) from Ni-Cu to be nearly identical for fresh 
Ni-Cu bimetallic.  
Two reduced catalysts (supported and core-shell) of O1s spectra are 
shown in Figure 7.5 (ii-a). As usual, three types of oxygen species are seen for 
all the catalysts which are attributed to lattice oxygen (529eV), oxygen 
vacancy (531eV) and chemisorbed oxygen species (533eV) [62]. Core-shell 
catalyst exhibits a high percentage of lattice oxygen species as compared to 
supported catalyst. Supported catalyst shows the formation of surface Ni-Cu 
alloy (as displayed in Figure 7.5 (ii-b, c & d)) whereas low or no surface Ni-
Cu alloy is seen on core-shell catalyst. This could be due to the covering of 
ceria on Ni-Cu alloy. Moreover, the high surface composition of Cu to Ni is 
seen, whereas ceria remains the highest surface compositions, implying Ni-Cu 
bimetallic is embedded into ceria shell. A triple layer of catalyst structure is 
possibly formed where the outer layer is ceria, followed by Cu/CuO with the 
innermost layer of Ni/NiO. 
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Figure 7.5 XPS pattern for (i) Bimetallic Ni-Cu (a) Cu2p (b) Ni2p, (ii) 
Reduced Catalyst 5Ni5Cu/CeO2 and 5Ni5Cu@CeO2 (a) O1s, (b) Cu2p, (c) 
Ni2p and (d) Ce3d. 
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7.3.6 Catalytic activity 
Water gas shift reaction was performed starting from temperature 300 
to 500°C to evaluate the catalytic performance of core-shell catalysts with 
various Ni-Cu metal loading. Figure 7.6 (a) shows with the increase of metal 
loading, this enhances the CO conversion and the optimum metal loading is 
reached at 10wt% of Ni-Cu with the highest CO conversion (approaching 
water gas shift thermodynamic equilibrium). The highest CO conversion is 
achieved at 500°C, showing 92% and obtained an average CO conversion of 
~89% up to 30 hours of time on stream (Figure 7.6 (c)). A comparison was 
made between two catalysts with the same metal loading: 5Ni5Cu@CeO2 
catalyst and 5Ni5Cu/CeO2 catalyst, showing 5Ni5Cu@CeO2 catalyst exhibits 
high CO conversion at high temperature (Figure 7.6 (b)). FETEM-EDX is 
further utilized to identify the catalyst structure of the reduced 5Ni5Cu@CeO2 
catalyst as shown in Figure 7.7 (a). The FETEM-EDX image illustrates that 
ceria shell formed on the outer layer with Cu as the intermediate layer and Ni 
located in the inner layer. In addition to this, the spent catalyst was analyzed 
using FETEM (shown in Figure 7.7 (b) & (c)) and showed that the dark spot 
(inset of Figure 7.7 (c)) illustrated the metal is encapsulated with the ceria 
nano-crystal as a protective layer [29]. Moreover, Figure S2 displays the 
reduced 5Ni5Cu@CeO2 with the metal loading of 10wt%, indicating the 
average ceria particle sizes are 5.4 nm. Upon conducting the stability test at 
500°C for 30hours, the average ceria particle size showed a slight increase to 
6.6 nm (shown in Figure S3).     
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Figure 7.6 (a) Catalytic Activity for various bimetallic loadings of bimetallic 
Ni-Cu core - ceria shell, (b) Catalytic activity for 5Ni5Cu/CeO2 and 
5Ni5Cu@CeO2 catalyst, (c) Stability test for 5Ni5Cu@CeO2 at 500°C for 30 
hours.  
 
Figure 7.7 FETEM images for (a) EDX for reduced 5Ni5Cu@CeO2 and (b) & 
(c) FETEM for spent 5Ni5Cu@CeO2 after 30 hours of reactions at 500°C. 
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A commonly used technique, CO-TPR-MS is implemented to identify 
the surface oxygen species and the reactivity of the catalysts toward CO. As 
denoted, four reactions are observed: (i) surface water gas shift reaction, (ii) 
CO disproportionation and (iii) oxidation of CO by surface lattice oxygen and 
(iv) the reaction of C-H intermediate species on catalyst support with an 
adsorbed H species on metal surface as listed in (Eq. 7.1) to (Eq. 7.4) [63-66]. 
CO + 2OH  H2 + CO2 + OL   (Eq. 7.1) 
2CO  CO2 + C    (Eq. 7.2) 
CO + OL  CO2     (Eq. 7.3) 
HCOO + H  CO2 + H2   (Eq. 7.4) 
Figure 7.8 (a) depicts that core-shell catalyst showed higher intensity 
of hydrogen evolution at lower temperature (325°C) as compared to supported 
catalyst, showing hydrogen evolution at 350°C. This phenomenon points out 
that core-shell catalyst consists of the reactive hydroxyl group presence on 
catalyst surfaces which is involved in surface water gas shift reaction. Figure 
7.8 (b) and 7.8 (c) reveal the CO consumption and CO2 production 
temperature profiles respectively for both catalysts. Core-shell catalyst 
exhibits higher reactive surface oxygen as compared to supported catalyst.  
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Figure 7.8 CO-TPR-MS for 5Ni5Cu/CeO2 and 5Ni5Cu@CeO2 (a) H2 
production, (b) CO consumption and (c) CO2 production. 
 
7.3.8 In-situ DRIFTS for CO adsorption 
CO adsorption is performed to identify the CeO2 and catalysts surface 
active species by using in-situ DRIFTS spectroscopy. CeO2 catalyst supports 
are firstly outgassed at 250°C for one hour using purified helium and then 
cooled down to 25°C whereas the catalysts (core-shell and supported catalyst) 
are firstly reduced at 500°C for 1 hour and then cooled down to 25°C under 
helium. 5%CO in 95% helium gas is introduced to investigate the surface 
properties of CeO2 catalyst supports from 25°C, 50°C to 600°C with 50°C as 
the temperature interval. Table 7.3 summarizes the surface species observed 
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There are several active surface species present on CeO2 catalyst 
support (shown in Figure 7.9 (a)). Two types of hydroxyl group with relatively 
different intensity occurred at various temperatures. At low temperature 
(25°C), only type II-A-OH hydroxyl group and type I-OH hydroxyl group 
were observed with a small hump of water moisture presence on the catalyst 
surface [67-68].
 
As the temperature rose above 200°C, type I-OH hydroxyl 
group is dissolved and only type II-A-OH hydroxyl group is still observed and 
stable up to 600°C. It could be the possibility that type I-OH hydroxyl group 
reacted with CO to form C-OH species (formate or carboxyl species). In 
addition, bidentate formate species are observed at 250°C to 450°C and 
decomposition occurred at temperature above 450°C [69]. As commonly 
observed, carbonate ion naturally available appeared at 25°C and is thermally 
stable up to 600°C [70].
 
Apart from the carbonate ion, polydentate carbonate 
species with the band located at 1093, 1363 and 1470 cm
-1
 is also thermally 
stable up to 600°C appearing from 25°C. As the temperature reached 100°C, 
the bands situated at 1030, 1292 and 1568 cm
-1
 (attributed to bidentate 
carbonate) is shown to be stable up to 600°C. Moreover, as the temperature 
rose further to 250°C, unidentate carbonate species appeared as well and 
exhibited thermal stability up to 600°C [71].    
(b) 5Ni5Cu/CeO2 
Figure 7.9 (b) displays the DRIFTS spectra of CO adsorption study for 
reduced 5Ni5Cu/CeO2 catalyst with CO adsorption at 25°C, and then from 
50°C to 600°C at 50°C intervals, with 100 scans performed for each reading. 
The spectrum shown was taken after steady-state of CO adsorption. At the 
beginning of the hydroxyl group, only type II-A-OH hydroxyl group is shown 
after the impregnation of Ni-Cu bimetallic catalyst and it showed thermal 
stability up to 600°C starting from 25°C. This implies that the type II-A-OH 
hydroxyl group may not be participating in the water gas shift reaction. The 




) is observed beginning from 25°C 
until 150°C, indicating the presence of copper entities [72].
 
As the temperature 
approached 250°C, CO adsorbed on Ni-Cu alloy with the absorption band of 
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 is found and stable up to 450°C [73].
 
The low intensity of Ni-Cu 
alloy is found, indicating that a larger crystal size of Ni-Cu could be formed. 
In the carbonate zone, three types of carbonate species such as carbonate ion, 
unidentate and bidentate carbonate species are also observed. All these 
carbonates species are formed at 25°C and stable up to 600°C except bidentate 
carbonate species showed thermal stability up to 350°C. A low intensity of the 
C-H vibration mode of formate species is shown at absorption band of (1376, 
1531, 2839 cm
-1
) at the temperature of 250 to 300°C, implying low amount of 
surface formate species.          
(c) 5Ni5Cu@CeO2 
Figure 7.9 (c) displays the DRIFTS spectra of CO adsorption study for 
reduced 5Ni5Cu@CeO2 catalyst with CO adsorption at 25°C, and then from 
50°C to 600°C at 50°C intervals, with 100 scans performed for each reading. 
Three types of the hydroxyl groups are present at different temperatures. At 
25°C, only type II-A-OH hydroxyl group is observed and its stable up to 
600°C whereas at 250°C, type I and type III-OH hydroxyl group starts to 
appear and both species are shown stable until 600°C where the intensity of 
type I-OH hydroxyl group is significantly higher. In the carbonyl region, a 




) is seen beginning from 25°C 
to 150°C whereas CO adsorbed on Ni-Cu alloy (2020 cm
-1
) is observed 
starting from 200°C to 500°C. As compared to supported catalyst, a high 
intensity of Ni-Cu alloy is observed, implying the formation of small particle 
size of Ni-Cu alloy on the catalyst surface. In the carbonate zone, three types 
of carbonates species are formed on the catalyst surfaces such as carbonate 
ion, polydentate and unidentate carbonates. All of these carbonates species are 
formed at 25°C and stable up to 600°C. Formation of high intensity of C-H 
vibration mode (1363, 1580, 2838, 2950 cm
-1
) of formate species is clearly 
observed starting from 200 to 400°C and decomposed at temperature above 
400°C. 
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Figure 7.9 In-situ DRIFTS spectra for HT-WGS reaction (a) CeO2 shell, (b) 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 7 - Bimetallic Ni-Cu Core-Ceria Shell Catalyst for High Temperature Water Gas Shift 




On the unique properties of core-shell structure, Ni-Cu bimetallic core-
ceria shell catalyst was synthesized and examined in water gas shift reaction. 
Ni-Cu bimetallic core was successfully synthesized with the Ni to Cu molar 
ratio of 1 with the average particle size of 5.7 nm. After the formation of core-
shell structure, Ni-Cu bimetallic particle size is decreased to the average 
particle size of 3.4 nm. This could be due to the ceria precursor which 
enhanced a slightly better dispersion of Ni-Cu bimetallic particle size. With 
the encapsulation of the Ni-Cu bimetallic particle by ceria shell (shown in 
Figure 7.3), a thermal treatment is performed at 500°C, resulting in the 
formation of mesoporous ceria shell protecting the Ni-Cu bimetallic particle 
(tabulated in Table 7.1). N2O pulse titration was performed to verify the 
formation of core-shell structure, the result implied Ni-Cu bimetallic of core-
shell structure as less accessible as compared to supported catalyst. The H2-
TPR analysis also reveals that the possible formation of small and uniform Ni-
Cu bimetallic core protected by a ~4 to 5 nm ceria shell.  
To investigate the surface composition of Ni-Cu bimetallic, a reduced 
Ni-Cu bimetallic at 500°C resulting in formation of Cu-rich Ni-Cu alloy as 
observed via XPS analysis. This could be due to the segregation of Cu to 
minimize the surface energy as the particle size is getting small [74]. The core-
shell catalyst is further reduced and analyzed by XPS to examine the surface 
structure of core-shell catalyst. Core-shell catalyst displays significant low 
metal content on the catalyst surface as compared to supported catalyst. This 
once again confirms the coverage of ceria shell on Ni-Cu bimetallic. 
Moreover, a low Ni to Cu ratio of core-shell catalyst showed that Cu-rich Ni-
Cu bimetallic could interact with ceria shell in the formation Ni-Cu core- ceria 
shell structure. Water gas shift reaction indicates that core-shell catalyst 
exhibits high catalytic activity at 500°C as compared to supported catalyst 
with the same metal loadings. In addition, core-shell catalyst displays stability 
up to 30 hours with no significant catalyst deactivation. Therefore, the peculiar 
properties of core-shell catalysts are needed to be further investigated.   
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With the self-assembly core-shell preparation method, core-shell 
catalyst exhibits high specific surface area as compared to supported catalyst. 
This could be due to the formation of thin layer of ceria shell encapsulating the 
Ni-Cu bimetallic core. Moreover, small Ni-Cu bimetallic core with the highest 
metal-support interface could be a possible reason in promoting high catalytic 
activity (as shown from in-situ DRIFTS analysis). Core-shell catalyst displays 
the high amount of active oxygen species; ranging from low temperature 
(below 250°C) to high temperature (above 450°C) as compared to supported 
catalyst (as deduced from CO-TPR-MS and XPS analysis). In comparison 
with supported catalyst, the presence of relatively high intensity of type I-OH 
hydroxyl group appeared at temperatures above 250°C, indicating that this 
active hydroxyl species plays an important role in surface water gas shift 
reaction (as shown CO-TPR-MS and in-situ DRIFTS) [75-77]. This active 
hydroxyl species are an important intermediate species to form an active water 
gas shift intermediate species such as formate or carboxyl species which are 
widely reported in literature [78-81].             
7.5 Conclusions 
Ni-Cu bimetallic core-ceria shell has been successfully synthesized via 
positive emulsion combined with self-assembled method. Several important 
findings are summarized as below. (a) Ni-Cu bimetallic alloy core with the 
average core size of 3.4 nm encapsulated with 4.3-5.4 nm ceria size was 
successfully synthesized and exhibited high catalytic activity and stability at 
500°C for 30hours. (b) The high metal-support interaction, small Ni-Cu 
bimetallic particle size, high surface lattice oxygen are the main factors in 
promoting the water gas shift reaction at low and high temperature. (c) The 
presence of type I – OH hydroxyl group and the strongly-adsorbed CO on the 
core-shell catalyst showed that this active species could be the important 
species in the formation of active intermediate species for water gas shift 
reaction.      
Supporting Information (Appendix D) 
Fresh Ni-Cu bimetallic size of fresh 5Ni5Cu@CeO2 catalyst, ceria of reduced 
5Ni5Cu@CeO2 catalyst and ceria of spent 5Ni5Cu@CeO2 catalyst particle 
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size distributions are enclosed in the supporting information (Figure S1-S3). 
Ni-Cu bimetallic dispersion, surface area and sizes are tabulated in Table S1.  
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CHAPTER 8 - CATALYTIC HOLLOW FIBER MEMBRANE 
REACTOR FOR HIGH TEMPERATURE WATER GAS SHIFT 
REACTION 
In this chapter, a catalytic hollow fiber membrane reactor has been 
developed based on Pd supported on Al2O3-YSZ hollow fiber composite 
membrane. The configuration of the catalytic hollow fiber membrane reactor 
employs Al2O3-YSZ hollow fiber as the substrate and  it is coated with Pd 
layer on the inner surface and the catalyst is packed on the outer surface. The 
membrane support and Pd membrane preparation conditions are examined. 
Two catalysts have been tested over high temperature water gas shift reaction 
in the catalytic membrane reactor. An optimized condition was used to prepare 
2 μm thick internally coated Pd membrane assisted with peristaltic pump. A 
catalytic hollow fiber membrane reactor was successfully developed for the 
high temperature water gas shift reaction. High CO conversion and high 
hydrogen selectivity were obtained via the catalytic hollow fiber membrane 
reactor packed with core-shell catalyst as compared to the fixed bed reactor.   
8.1 Introduction 
 The increasing high demand of hydrogen as the energy resource in fuel 
cell technology and hydrogen used as the main feedstock in chemical 
production is the main factor in promoting the enhancement of hydrogen 
production via chemical reaction processes such as liquid and gas reforming, 
gasification, electrolysis and other processes [1-5]. Among the chemical 
reaction processes, gasification and gas reforming processes are widely 
applied in industry to produce hydrogen. During these processes, a mixture of 
CO and H2 (syngas) is produced, which is the main source of hydrogen. To 
further convert CO into CO2 and to enhance hydrogen yield, water gas shift 
(WGS) reaction is an important step. Conventionally, two stages of WGS 
reaction (high temperature (350-450°C) shift and low temperature (200-
250°C) shift) are performed to maximize the CO conversion [6-8]. This is 
mainly due to the thermodynamic limitation of WGS reaction and the 
depleting of CO conversion, particularly in the presence of reaction product 
such as CO2 and H2 [9]. With the newly developed membrane reaction 




technologies, the traditional WGS reaction process is integrated with 
membrane systems as a catalytic membrane reactor, which selectively 
removes the reaction product, thus enhancing the CO conversion as well as 
decreasing the total volume of the reactor system [10-11].   
 Catalytic membrane reactors have been widely investigated in WGS 
reaction in the early of 19
th 
century and currently continue receiving high 
interest owing to the development of fuel cell technology to generate clean 
energy [12]. Different types of membrane reactors has been developed for 
hydrogen separation via WGS reaction in the literature. They are packed bed 
membrane reactors, fluidizied bed membrane reactors and micro-membrane 
reactors. The evolution of each membrane reactor reviewed in detail by 
Gallucci et al [13]. The micro-membrane reactors in particular hollow fiber 
membrane reactor has emerged as one of the most promising membrane 
reactors due to its low production cost and high surface to volume ratio, which 
are especially suitable to be applied in on-board hydrogen production [14-18].  
To develop a high performance catalytic membrane reactor in WGS 
reaction, particularly high temperature shift, two main factors play the critical 
roles. An active, selective and thermally stable catalyst with the combination 
of high H2 perm-selective and thermally stable membrane are needed. In the 
high temperature WGS reaction, Fe-Cr catalyst is an industrial grade catalyst 
generally employed; however, the usage of chromium compounds has been 
declined due to the environmental awareness of the toxicity of chromium 
compound [19]. Hence, the replacement of chromium with other elements is 
progressively investigated. In our recent research work, we have developed  an 
active, selective and thermally stable catalyst for high temperature WGS 
reaction [20]. In the research work, the Ni-Cu bimetallic catalyst supported on 
CeO2 catalyst was shown to exhibit high CO conversion with thermally stable 
catalytic activity for 100 hours. In addition, no side reaction was observed due 
to the formation of Ni-Cu alloy to enhance CO adsorption.   
Another important factor, a high H2 perm-selective and thermally 
stable hydrogen membrane is essentially needed to be developed. To separate 
hydrogen from the product stream for WGS reaction, several types of 




hydrogen separation membrane have been employed such as zeolite 
membranes, metallic membrane, perovskite-based membrane and the other 
membranes [21-28]. Different types of hydrogen membrane are employed at 
different reaction temperatures and conditions. For instance, Li et al. reported 
that a coated SrCe0.9Eu0.1O3-δ membrane on Ni-SrCeO3-δ support shows a 46% 
increase in CO conversion and total H2 yield particularly at very high 
temperature (900°C) [29]. In the medium temperature zone of 300-600°C, a 
dense metallic membrane coated on porous support is commonly used as the 
hydrogen separation membrane in WGS reaction, whereas in the recent year, 
zeolite membrane is also adopted as hydrogen membrane in WGS reaction 
particularly at the lower temperature zone (< 400°C) [30]. In the high 
temperature WGS reaction, Pd-based membrane coated on porous support is 
widely employed due to several advantages such as operating temperature 
range, high selectivity and high flux towards hydrogen [31-35]. To fabricate a 
high performance, cost effective, thermally and mechanically stable Pd-based 
membrane, fabrication technique is playing a governing role [36]. To achieve 
the aforementioned goal, a thin and defect free dense Pd membrane coated 
internally on porous hollow fiber membrane support should be synthesized via 
electroless plating. By fabricating a thin and dense Pd membrane, this can 
reduce the material cost of Pd and increase high perm-selectivity. Besides, the 
internal coating of Pd in the lumen of porous hollow fiber membrane support 
can prevent the peeling off of Pd membrane and improve thermal stability and 
durability of Pd membrane. This high performance Pd membrane has been 
published in our recent study [37]. To further optimize and simplify the 
fabrication process, a peristaltic pump is implemented to systematically 
investigate the operating parameters in synthesizing the Pd membrane.          
 In this study, the Pd membrane coated internally on porous membrane 
support has been fabricated assisted with peristaltic pumps. Al2O3-YSZ 
composite hollow fiber has been employed as a support. The preparation 
parameters are examined in terms of Pd coating times and flow rates. Finally, 
a catalytic hollow fiber membrane reactor has been developed by employing 
the Al2O3-YSZ as a support for an internally coated thin Pd membrane 
(~2μm) and Ni-Cu/CeO2 as the active and selective catalysts which is packed 




on the external surface of Al2O3-YSZ support. The catalytic hollow fiber 
membrane reactor performance has been examined over high temperature 
WGS reaction by comparing two types of newly developed catalysts.  
8.2 Experimental 
8.2.1 Pd/Al2O3-YSZ hollow fiber composite membrane preparation 
(a) Materials 
Porous membrane support: alumina oxide, α-phase, 99.95% min (metal 
basic) 0.35-0.49 micron APS Powder (Alfa Aesar), zirconium (IV) oxide-
yttria stabilized (YSZ) 99.9% metals basis, 8 mol% yttria as stabilizer 
(Aldrich); Radel A-300 polyethersulfone (PESf) polymer pellets (Ameco 
Performance), solvent N-methyl-2-pyrrolidone (NMP), polyvinyl pyrrolidone 
(PVP-360K); Pd-membrane: palladium (II) chloride (PdCl2), 
ethylenediaminetetraacetic acid (EDTA), hydrochloric acid, hydrazine 
monohydrate (N2H4.H2O), ammonia solution (28% purity) and tin (II) chloride 
(SnCl2). 
(b) Fabrication of Al2O3-YSZ composite hollow fiber  
Al2O3-YSZ composite hollow fibers were fabricated via a phase 
inversion method, followed by the sintering process at high temperature. 
Firstly, one doped solution (polymer solution) was prepared with 8g of PESf 
and 42g of NMP solution. The solution was stirred until a homogenous 
solution at room temperature and thereafter, 16.5g of YSZ, 38.5g of Al2O3 and 
0.1g of PVP-360K was slowly added into the mixture under continuous 
stirring to obtain a homogeneous solution. This step will generally take up to 3 
to 4 days to reach a homogenous suspension solution. The suspension solution 
was then transferred to a 100ml stainless steel syringe. A mixture of DI water 
and NMP with three different compositions (0NMP:100water, 
20NMP:80water, 50NMP:50NMP) was used as internal coagulants and only 
DI water was used as external coagulants. The suspension solution and 
internal coagulant were extruded simultaneously through a tube-in-orifice 
spinneret (tube/orifice diameter of 0.72/2.0 mm) with accurately controlled 
and monitored by two KDS410 syringe pumps around 45 to 50 ml/min for 




both suspension and internal coagulant flow rate. The nascent hollow fiber 
was passed through the air-gap distance of 4-6 cm before free falling into the 
external coagulant without any extension of external drawing. Then, the 
nascent hollow fiber was then left in the external coagulant bath for 24 hours 
to allow completely solidified. The nascent hollow fibers were cut into 25 cm 
long segments, washed with DI water, stretched and dried in static air at room 
temperature. At last, these segments of nascent hollow fiber were heated in an 
Lenton tubular furnace at 500°C for  2 hrs (with the heating rate of 2°C/min) 
to remove polymer binder, followed by sintering at 1400-1550°C for 8 hrs 
(with the heating rate of 2°C/min) and cooled down to room temperature with 
the cooling rate of 2°C/min.     
 (c) Synthesis of the Pd membrane  
Before the electroless plating process was carried out, the sintered 
hollow fiber was initially soaked in DI water and sonicated for 1 hour to 
remove the debris and contaminant on the hollow fiber surface and then dried 
in 100°C oven overnight. The outer surface of hollow fiber was initially 
wrapped with parafilm tape to render it from solution leakage through the 
external surface. The conventional Sn-Pd sensitizing-activation technique was 
used to deposit Pd nuclei onto hollow fiber. Two solutions were prepared for 
sensitizing (SnCl2) and activation (PdCl2) of Pd nuclei. A solution of SnCl2 
was prepared with 0.05g of SnCl2 dissolved in 50 ml of DI water and acidified 
with the aid of 20 drops of 37% HCl aqueous solution. Another solution of 
PdCl2 was prepared with 0.0443g of PdCl2, dissolved in 50 ml of DI water 
with the aid of 10 drops of 37% of HCl aqueuos solution. Both of the solutions 
was stirred for 30 mins at 50°C water bath to ensure fully dissolved of SnCl2 
and PdCl2. The hollow fiber was initially connected to a peristaltic pump 
(model: LongerpumpBT300-1F) via tygon tubing (which is chemical 
resistance  tubing) is used to circulate the sensitizing solution (SnCl2) through 
the lumen of hollow fiber with the flow rate of 10 ml/min for 5 mins at 50°C. 
This step was then followed by rinsing with a small amount of DI water at the 
same flow rate and then changed to activation solution (PdCl2) using the same 
flow rate, time and rinse with a small amount of DI water. The sensitizing and 
activation steps were repeated five times to obtain a well-seeded hollow fiber.  




To plate the Pd membrane on well-seeded hollow fiber, the 
composition and conditions of the Pd plating bath were shown in Table 8.1. In 
preparation of Pd plating bath, the desired amount of PdCl2 was firstly 
dissolved into DI water and acidified with HCl solution and stirred for 30 mins 
at 50°C until homogeneous. Later, the desired amount of EDTA was added 
and stirred for 30mins, the respective amount of ammonia solution was added 
into the solution and adjusted the final pH to 8-9. To begin with the Pd 
deposition, a 5 ml of the Pd coating solution was withdrawn and transfer into a 
measuring cylinder and placed inside the 50°C water bath. The peristaltic 
pump is set to the desired flow rate (0.455-10 ml/min) and 100 μL of diluted 
hydrazine was initially added into the Pd coating solution and ran for 15mins. 
At 15mins, another 100μL of diluted hydrazine was introduced and ran for 
another 15mins. This procedure is marked as one round of coating. This 
different amount of coating varied from 1 to 3 times of the coating process to 
investigate the thickness of Pd membrane and the gas tightness of the Pd 
membrane. After the Pd membrane was deposited, Pd membrane was slowly 
rinsed with DI water and dried at room temperature. To anneal the coated Pd 
hollow fiber, the hollow fiber was placed into the quartz tube and heated to 
300°C under Helium gas at 30 ml/min with the heating rate at 1°C/min. After 
the temperature reached 300°C, the flowing gas was changed to a mixture of 
hydrogen and helium  gas  (2He: 1H2) and increased to 500°C and held for 5 
hrs. After that, the temperature was cooled to room temperature under the He 
gas flowing with the cooling rate of 1°C/min.  
Table 8.1 Composition and conditions of electroless plating bath of Pd. 
Component Quantity 
PdCl2 0.47 g 
Na2EDTA 3.72 g 
Ammonia solution (28%) 12 ml 
DI water 44 ml 
Hydrochloric Acid (37%) ~0.4 ml 
N2H4.H2O: DI Water (2:100) Volume ratio*  100 μl/one time coating  
pH 8 - 9 
Temperature (°C) 50 
* Hydrazine was added only during Pd deposition and it was depended on the number of 
coating. 




(d) Permeation studies of the Pd membrane  
 The permeation studies of the Pd membrane were performed at 
temperature between 300 and 500°C at a pressure gradient of 1bar. The 
permeation set-up used in this study consisted of 15cm long Pd membrane 
with both open ends which was fixed in a stainless steel tube with a gas 
mixture of H2/N2 were fed in the shell side membrane and the permeated flow 
was at the lumen side. The pressure differences across the membrane were 
controlled by using a back-pressure regulator and the gap between the hollow 
fiber and the stainless steel tube was sealed outside the heating zone with 
silicone sealant to ensure a leak-free connection. The sweep gas, Helium, with 
a flow rate of 20 ml/min was fed into the lumen side of the hollow fiber to 
remove the permeated H2. The permeated gas from the lumen of hollow fiber 
membrane was continuously analyzed by on-line HP6890 Series GC equipped 
with thermal conductivity detector. The readings were taken when the 
permeated gas flowrate reached steady state (approximately 2 hrs). The binary 
separation factor of         was used as the hydrogen selectivity and defined 
as below: 
       
   
 
   
 
 
   





 refers to permeate side composition and x
R
 refers to retentate side 
composition     
8.2.2 Synthesis of NiCu/CeO2 catalysts 
 Two types of Ni-Cu/CeO2 were synthesized via the incipient wet 
impregnation method (supported catalyst) and positive emulsion combined 
with self-assembled method (core-shell catalyst). The detail of the catalyst 
preparation method was explained in the experimental section in Chapter 7. In 
brief, the core-shell catalyst was initially prepared using the positive emulsion 
method to prepare Ni-Cu bimetallic nanoparticle with the molar ratio of 1 as 
the core. Thereafter, the Ni-Cu bimetallic core was encapsulated with ceria 
precursor to form Ni-Cu bimetallic core - ceria shell via self-assembly method.   




8.2.3 Water gas shift (WGS) catalytic membrane reaction studies 
The configuration of the catalytic hollow fiber membrane reactor 
experimental rig was depicted in Figure 8.1. The catalyst was packed outside 
the shell of Pd membrane and supported with quartz wool for both ends to 
ensure the catalyst was packed in the heating zone. As a reference, a fixed bed 
reactor was also used to compare the catalytic activity. The total amount of 
catalysts tested in both fixed-bed and catalytic hollow fiber membrane reactor 
was 50 mg. The catalytic hollow fiber membrane reactor (as shown in Figure 
8.1) was wrapped with a heating tape and the reactor temperature was 
controlled by 3216 eurotherm temperature controller. The total feed flow rate 
used was 50ml/min, the gas mixture consisting of 5mol% of CO and 5mol% of 
H2O and the balance made up with helium. A counter-current flow of He as 
sweep gas (20 ml/min) was used to remove the permeate gas. The catalytic 
membrane reactor studies were performed in the temperature range from 300 
to 500°C. The two effluents of the reactor were analyzed intermittently on-line 
using a HP6890 Series GC equipped with thermal conductivity detector. The 
readings were taken when the reaction reached steady state. The catalytic 
activity for the WGS reaction was evaluated based on CO conversion.  
8.2.4 Characterization of the Pd membrane/ membrane support - 
Scanning Electron Microscope (SEM) 
The morphology of the Al2O3-YSZ composite hollow fiber, thickness 
of Pd-membrane and surface morphology of Pd membrane were observed 
using a scanning electron microscope (JEOL JSM-5600LV). Prior to the 
analysis, the samples were pre-coated with Pt with the sputtering times of 30s 
at 30 mA.  





Figure 8.1 Schematic diagram of catalytic hollow fiber membrane reactor. 
8.3 Results and discussions 
8.3.1 Fabrication of membrane support (Al2O3-YSZ) 
 To fabricate a thin and defect free Pd membrane supported on a 
composite hollow fiber, the membrane support plays an important role in 
terms of mechanical, thermal and chemical stability as well as the uniformity 
of the surface pore size in affecting the coating of Pd membrane. There are 
several membrane supports are commercially available such as porous 
stainless steel, porous ceramic materials and other materials. Composite 
hollow fiber membrane structure with ceramic materials such as Al2O3 and 
YSZ are commonly employed due to their low fabrication and materials costs, 
high thermal, mechanical and chemical stability [38-39]. The phase inversion 
method is one of the promising technique which is widely used to synthesize 
the composite hollow fiber membrane. This technique has allowed to control 
the surface pore size distribution during phase inversion with a variety of 
operating parameters such as the type of polymer used, internal coagulant and 
external coagulant, sintering temperature, additive and other factors. These 
operating parameters are generally used to investigate the external surface 
structure and pore size of hollow fiber, however, only minor research works 
are focused on the internal surface pore size and structure during phase 
inversion. To produce a thin and dense Pd membrane, membrane support pore 
size is an important parameter. Mardilovich et al. reported that the minimum 
thickness of Pd membrane is approximately three times the size of the largest 
pore size present on the surface of the membrane support [40]. Therefore, in 




the following section, two parameters will be examined in membrane support 
preparation.        
8.3.1.1    The effect of sintering temperature 
 The internal surface morphology of composite (Al2O3-YSZ) porous 
membrane support was examined by the variation of sintering temperature 
from 1400°C to 1550°C at the same spinning condition.  Figure 8.2 (a) to (d) 
shows the internal surface morphology of composite porous membrane 
support sintered at 1400°C, 1450°C, 1500°C and 1550°C respectively. It is 
evident that the internal surface porosity and pore size decreases as 
temperature increases from 1400°C to 1550°C. The Al2O3-YSZ particle tends 
to agglomerate to form a small pore as temperature increases, implying that 
the higher the sintering temperature, the smaller the pore size presents on the 
internal surface of membrane support. Moreover, the internal surface of 
membrane support is getting smoother as temperature increases. This 
correlation between the sintering temperature and surface porosity and 
smoothness has been reported by Sun et al. [41]. At the sintered temperature 
reached 1550°C, the membrane support displays a densely-packed feature and 
impermeable to helium gas as compared to the temperature sintered below 
1550°C. This could be possibly due to the presence of YSZ to block the 
surface porosity of the membrane support and lower the melting point of the 
composite membrane support. Therefore, it can be concluded that high 
sintering temperature (at 1500°C) produces less denser membrane support, 
higher mechanical strength, low surface porosity and low surface pore size 
[42-43].      





Figure 8.2 SEM images of Al2O3-YSZ membrane support calcined at 
(a)1400°C, (b) 1450°C, (c) 1500°C, (d)1550°C. 
8.3.1.2    The effect of internal coagulant (bore fluid) composition 
Another important parameter in producing uniform and low surface 
pore size membrane support, the internal coagulant composition is essentially 
needed to be studied. Three different compositions of DI water to NMP 
volumetric ratio was examined and the internal surface morphology was 
captured and illustrated in Figure 8.3 (a) to (c) with the DI water was used as 
external coagulant. It can be clearly observed that spinning condition at 100% 
DI water presents the least porosity on the internal surface with the mean pore 
size of ~0.34µm (the largest pore size of 0.65µm) whereas bore fluid of 20% 
NMP/80% DI Water and 50% NMP/50% DI water show the mean pore size of 
0.51µm (largest pore size 1.2µm) and 0.86µm (largest pore size 1.95µm). This 
is because the increase of high concentration of NMP present in the internal 
coagulant, the slower rate of phase inversion occurred, particularly in the inner 
lumen of nascent hollow fiber and the solubility parameter difference between 
the nascent fiber and the internal coagulant [44-45]. Therefore, this can be 
concluded that in the presence of high concentration of NMP in the internal 




coagulant, it has adversely created high porosity of the internal surface of 
membrane support.  
 
Figure 8.3 SEM images of Al2O3-YSZ membrane support calcined at 1500°C 
at different internal coagulant composition: (a) 100% DI Water, (b) 20%NMP: 
80% DI Water, (c) 50%NMP: 50% DI Water. 
 
8.3.2 Fabrication of Pd membrane - parameter optimization 
 Besides extensive investigation of the membrane support preparation, 
it is also essential to investigate the Pd deposition onto the hollow fiber 
membrane support. A peristaltic pump is employed to study the coating Pd 
parameters which postulated to be scaled-up to industry practice. Two 
important parameters urgently require investigation: (i) coating flow rate and 
(ii) coating times. Two of these parameters relate to the thickness of Pd 
membrane deposited on the internal surface of hollow fiber membrane support 
via peristaltic pump.   
 




8.3.2.1    The effect of coating solution flow rates 
In order to study the effect of coating flow rates in depositing Pd 
membrane on membrane support, other coating parameters are kept constant 
throughout the coating conditions. The coating flow rates were varied from 
0.455ml/min to 10ml/min and the internal surface morphology and Pd layer 
thickness were presented in Figure 8.4 (a) to (d). It is observed that at high 
coating solution flow rate of 10ml/min, surface morphology was dense and 
smooth (Figure 8.4 (d) -Left image) whereas as the decrease of coating 
solution flow rates through the membrane support, the surface become rough 
and small “island” was appeared, resulting less dense surface of Pd membrane. 
Interestingly, as the coating solution flow rate decreases from 10ml/min to 
0.455 ml/min, the thickness of the Pd membrane decreases from 3µm (at 
10ml/min) to 1.22 µm (5 ml/min) to 0.71 µm (3 ml/min) and 0.5 µm (0.455 
ml/min). Based on the aforementioned observations, we propose a hypothesis 
for the influence of coating solution flow rate. Firstly, at high flow rates, the 
depositions of Pd particles are rapidly and highly preferential to the Pd nuclei 
sites. Therefore, large clusters of Pd crystals were formed and coalesce into a 
uniform and thicker film. Secondly, at low flow rates, the Pd deposition rates 
are significantly lower and only contact with the surface of Pd nuclei sites. 
Thus, the thickness of Pd layer is reduced and more uniform the Pd layer. 
These results could be further explained by the fluid behavior (laminar flow to 
turbulent flow) in the lumen of hollow fiber. At low flow rate, the fluid flow in 
a hollow fiber is generally in the laminar flow, whereas at high flow rate, the 
transition of laminar flow to turbulent flow occurs, resulting in the formation 
of the large crystal or the non-uniform of Pd layer due to the shear stress. 
Consequently, to optimize the coating flow rate and fabricate a dense and 
defect free Pd membrane, the Reynolds number can be used as a guideline to 
optimize and to deposit Pd layer.  
 





Figure 8.4 The effect of coating solution flow rate (a) 0.455 ml/min, (b) 3 
ml/min, (c) 5 ml/min, (d) 10 ml/min, Left (Internal surface) and Right (cross-








8.3.2.2    The effect of coating time 
Besides in-depth investigation of coating flow rates to control the 
thickness of Pd layer, effect of coating time is another parameter which 
requires attention. A coating flow rate of 10 ml/min was chosen in this study 
to deposit 1 to 3 times of Pd layer. At each time of Pd layer deposition, 30mins 
of Pd deposition times was chosen and fixed. Figure 8.5 (a) to (c) displays the 
internal surface morphology (left figure) and cross section of Pd membrane 
thickness (right figure). It is generally observed that the thickness of coating 
layers would increase as the amount of coating layers increase. Figure 8.5 (a) 
shows the average Pd membrane thickness is around 0.9 μm after the first 
coat. The Pd membrane thickness is increased to 1.5 μm for the second coat 
and increase again to 2 μm after the third coat. Besides, it is interesting to 
observe that the change in surface morphology with increasing the number of 
coating times. Figure 8.5 (a) to (c) (left) displays the surface morphology of 
Pd membrane becomes smoother as the number of coating times is employed. 
The size of Pd clusters is decreased and fused together to form a dense 
surface. Although the membrane surface becomes smoother, the increment of 
Pd thickness is significantly slower. It means that they are having difficulty to 
deposit Pd onto the membrane owing to the membrane surface become 
smoother and getting hard to achore the new Pd crystals. This phenomenon 
was observed and explained by Lin et al. [46]. They explained that in the 
electroless plating process, a lower deposition rate is correlated to a lower 
surface layer roughness.  
 
 





Figure 8.5 The effect of coating times (a) 1 time, (b) 2 times, (c) 3 times, Left 
(internal surface) Right (cross-section of Pd membrane thickness). 
Figure 8.6 SEM Images of the optimized Pd hollow fiber membrane. (Left) 
Cross-section of membrane thickness, (Middle) Cross-section of hollow fiber 
membrane, (Right) Internal surface.    




8.3.3 Hydrogen permeation test 
  A ~2 μm Pd membrane was prepared by using the above optimized 
parameters, Hydrogen permeation test across the 2 μm Pd membrane (as 
shown in Figure 8.6) was performed using a mixture of 50%H2 and 50%N2 as 
feed, operating from 300 to 500°C. The feed gas was fed at the shell side 
(outside) of Pd membrane at the pressure of 1 bar and the permeated gases 
were collected at the lumen side at atmospheric pressure. Figure 8.7 illustrates 
the hydrogen and nitrogen flux operating from 300 to 500°C with the feed 
composition of 50%H2 and 50%N2. It can be clearly observed that the 
hydrogen flux increases with increasing temperature and reaching the 
maximum hydrogen flux at 0.06 mol/m
2
.s at 500°C. Although the hydrogen 
flux obtained is low, it could be due to the low percentage of hydrogen in the 
feed stream which is only 50% of total volume. The results obtained are in-
line with the Nair et al. [47]. Beside, the highest binary separation factor 
obtained at 450°C is around 838.   






















Figure 8.7 Temperature dependence of H2 and N2 flux with a mixture of 
50%H2 and 50%N2 feed.  
 




8.3.4 Catalytic activity test 
To reduce the operating cost over high temperature WGS reaction, low 
steam to carbon ratio is highly recommended. In order to determine the 
reactivity of the synthesized catalyst, two catalysts were subjected to the WGS 
reaction in the absence of the metallic membrane at H2O/CO ratio equal to 1. 
Figure 8.8 (a) shows the CO conversion of two types of catalysts operating as 
a function temperature. It can be clearly observed that core-shell catalyst 
showed better performance than conventional Ni-Cu supported catalyst and 
reaching the highest CO conversion of 50% at 400°C. This is due to the core-
shell catalyst is being able to disperse the Ni-Cu bimetallic particle, high 
specific surface area and enhanced surface lattice oxygen of ceria in 
promoting water dissociation. In the presence of Pd-membrane, the CO 
conversion of CMR-WGS is revealed in Figure 8.8 (b). The performance of 
CMR-WGS has been always superior as compared to catalyst alone (Figure 
8.8 (a)) of both catalysts. It was found that the presence of the Pd membrane 
resulted in an increased in the CO conversion of around 7%. This result shows 
that having a hydrogen selective membrane is able to improve the CO 
conversion by helping to separate the hydrogen products from the reaction 
environment. This causes the shift of WGS equilibrium towards forward 
reaction, thus, attaining high CO conversion and hydrogen production. The 
overall hydrogen production in the CMR-WGS is shown in Figure 8.8 (c). The 
hydrogen permeation is increased as the temperature ascended. It would be 
expected that most of the hydrogen produced in the WGS reaction to permeate 
the membrane. However, the retained hydrogen is significantly showed higher 
as compared to the permeate hydrogen. It could be due to the competitive 
adsorption of CO and steam adsorbed on the membrane surface. This issue 
will need to be further investigated in the future study.  
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Figure 8.8 (a) CO conversion as a function of temperature operates at 
H2O/CO=1, (b) CO conversion for CMR-WGS operates at H2O/CO=1, (c) H2 
production for CMR-WGS of Core-shell Catalyst. 
8.4  Conclusions 
In this study, porous membrane support was prepared by investigating 
two main preparations and operation parameters: the spinning conditions and 
the coating parameters. It was found that high sintering temperature 
(~1500°C) produces denser membrane support, higher mechanical strength, 
low surface porosity and low surface pore size of the membrane support. In 
the presence of high concentration of NMP as the internal coagulant has 
adversely created high porosity of the internal surface of membrane support. 
With the decrease in the coating flow rate during Pd deposition, the thickness 
of the Pd membrane will decrease as well. Besides, the thickness of Pd 
membrane increases when the numbers of coating layers increase. A 2 μm 
thick internally coated Pd membrane catalytic hollow fiber membrane reactor 
was successfully developed over high temperature water gas shift reaction 
assisted with peristaltic pumps. High CO conversion and high hydrogen 
selectivity were obtained via catalytic hollow fiber membrane reactor with 
core-shell catalyst as compared to conventional fixed bed reactor.  
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CHAPTER 9 – CONCLUSION AND RECOMMENDATIONS 
9.1 Conclusions 
This thesis mainly focuses on developing Ni-based catalyst, ceria 
nanostructures material and catalytic membrane reactor for hydrogen 
production via high temperature water gas shift reaction. The detail studies of 
the catalysts synthesis, characterizations and catalytic membrane reactor have 
been presented in the individual chapters and comprised of: (i) design, 
synthesis and characterize Ni-based catalysts and their selectivity, stability and 
mechanism study for high temperature water gas shift reaction (Chapter 4), (ii) 
synthesis and characterize ceria nanostructure as active catalyst support 
particularly the effects of primary crystal sizes and morphology on their 
surfaces and catalytic properties (Chapter 5-6), (iii) design and characterize 
the uniform and dispersible bimetallic core encapsulated with ceria shell and 
its unique surface and catalytic properties (Chapter 7) and lastly, (iv) develop 
a catalytic hollow fiber membrane reactor for high temperature water gas shift 
reaction (Chapter 8). The contributions of this research study are summarized 
as follows: 
In chapter 4, xNiyCu/CeO2 catalysts with different molar ratio of Ni 
and Cu are varied in order to understand the effect of Ni-Cu ratio in affecting 
the catalytic activity as well as side reaction suppression. It is found that 
5Ni5Cu/CeO2 catalyst showed high activity, selectivity and stability in WGS 
reaction. This is mainly attributed to the formation of Ni-Cu alloy, strong CO 
adsorption strength at high temperature to prevent CO dissociation and 
suppress the formation of carbon species which block the active site and 
produces methane as the undesired side product. Kinetic study has revealed 
that the possible dominant reaction mechanism for 5Ni5Cu/CeO2 catalyst 
proceeds via a carboxyl mechanism whereby bidentate formate could act as a 
spectator in the reaction.  
Chapter 5 presents the effect of ceria primary crystal size as catalyst 
support over water gas shift reaction. Ceria as a catalyst support is found to 
play a crucial role in water dissociation. The thermally stable (up to 700°C) 
ceria nano-particle with various sizes was successfully synthesized via 
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hydrothermal method. It is found that as the ceria primary crystal size grew 
smaller, this type of catalyst support posed several advantages such as: (a) 
high surface area, (b) high surface lattice oxygen, (c) high dispersion of 
bimetallic metal. On the other hand, carboxylate species are also found as the 
inhibitor or the slowest decomposition rate on biggest crystal size of ceria 
support which resulted in the decrease of catalytic activity, whereas bidentate 
formate is believed to be a spectator or played a minor role in water gas shift 
reaction pathway. Moreover, the types of WGS reaction mechanisms are 
strongly depended on the Ni-Cu surface composition ratio.  
Chapter 6 illustrates the effect of ceria morphology as catalyst support 
over high temperature water gas shift reaction. After understanding the role of 
ceria primary crystal size effect as catalyst support, the effect of ceria 
morphology in affecting the high temperature water gas shift reaction was 
essentially needed to be studied. Thermally stable ceria (up to 700°C) with 
various morphologies (spherical, truncated polyhedral and nano-rod) were 
synthesized via solvothermal and hydrothermal to obtain the nearly similar 
primary crystal size of ceria. At low temperature (~275 °C), the active 
hydroxyl group is predominantly formed on the surface of ceria nanorod, 
which helped to promote WGS reaction, whereas the surface lattice oxygen, 
which is active for direct CO oxidation is predominantly formed at high 
temperature (~450 °C), which helped to increase CO conversion. 5Ni5Cu 
supported on ceria nanorod catalyst showed the highest catalytic activity and 
stability due to the interaction between Ni-riched Ni-Cu alloy with ceria 
nanorod support to promote the formation of surface lattice oxygen. 
Chapter 7 presents the synthesis and characterization of Ni-Cu 
bimetallic core-ceria shell catalyst via positive emulsion method combined 
with self-assembly method. Disperse and uniform Ni-Cu bimetallic core with 
the average core size of 3.4 nm encapsulated with 4.3-5.4 nm ceria size was 
successfully synthesized and exhibited high catalytic activity and stability at 
higher temperature for 30 hours. The high metal-support interaction, small Ni-
Cu bimetallic particle size, high surface lattice oxygen are the main factors in 
promoting the water gas shift reaction. The presence of type I-OH hydroxyl 
group and the strong CO adsorption on the core-shell catalyst showed that this 
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active species could be the important species in the formation of active 
intermediate species for water gas shift reaction.  
In the last chapter (chapter 8), a catalytic hollow fiber membrane 
reactor is developed by optimizing the synthesis parameters of membrane 
support and Pd membrane coating preparation conditions assisted with 
peristaltic pump to deposit the Pd membrane in the lumen of hollow fiber. It 
was found that high sintering temperature (~1500°C) produced denser 
membrane support, higher mechanical strength, low surface porosity and low 
surface pore size membrane support whereas extremely high sintering 
temperature produced a dense membrane support. In the presence of high 
concentration of NMP as the internal coagulant has adversely created high 
porosity of the internal surface of membrane support. The decrease of the 
coating flow rate during Pd deposition, the thickness of the Pd membrane will 
decrease. Beside, the thickness of Pd membrane increases as the amount of 
coating layers increase. High CO conversion and high hydrogen selectivity are 
obtained via catalytic hollow fiber membrane reactor with core-shell catalyst 
as compared to conventional fixed bed reactor.   
9.2 Future Work 
This work shows remarkably a detailed research in developing, 
synthesizing and understanding of catalyst, catalyst supports, catalytic 
membrane reactor and their applications over high temperature water gas shift 
reaction. It could be further investigated the catalyst properties and provide a 
detailed reaction mechanism in designing a better catalyst. Moreover, high 
hydrogen permeation, stability and resistance to poison gases should be 
designed to improve Pd-based membrane. Therefore, the following studies 
would be worth to pursue. 
i) In order to further understanding the reaction mechanism of high 
temperature water gas shift reaction, a detailed micro-kinetic model 
could be developed to evaluate the atomic scale of the reaction 
with the aid of DFT study. This finding will shed a new light into 
the real reaction mechanism happens on the catalyst surface with 
the evidences of various in-situ reaction studies such as SSITKA-
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MS and others. This could give a better idea in designing a 
promising catalyst in enhancing the catalytic activity and 
selectivity.  
ii) The ceria protected bimetallic core has been developed in this 
thesis. To further enhance the dispersion of bimetallic core-ceria 
shell catalyst onto the inert catalyst support and to be used in 
industry as well as reduce the cost of catalyst preparation. A facile 
method should be developed which can easily control the 
dispersion of the core-shell catalyst onto the commonly used 
catalyst support (alumina). This could reduce the cost of catalyst 
material, whereas enhanced the catalyst activity. Moreover, the 
reaction mechanism study of the core-shell catalyst should be 
investigated in detail via micro-kinetic modeling coupled with in-
situ reaction studies to distinguish the active site and active 
intermediate species formed during water gas shift reaction.     
iii) Pd-membrane catalytic membrane reactor has been successfully 
used over water gas shift reaction. Pd-alloy or ternary alloy could 
be developed to enhance its hydrogen permeability, thermal 
stability, CO2 and steam resistance towards Pd membrane 
poisoning. A simulation work of catalytic membrane reactor could 
also be developed to verify the experimental data and proposed a 
mathematical model to optimize the operating condition over high 








1. Experimental tests for the absence of mass and heat transfer limitations 
by using Koros-Nowak (K-N) criterion 
To check the possibility of mass and heat transfer limitations, Koros-Nowak 
(K-N) criterion is performed [1-2]. As reported by Koros-Nowak, the reaction 
rate is directly proportional to the concentration of the active material in the 
kinetic controlled regime. To illustrate this criterion, 5wt% of equal molar of 
Ni and Cu are impregnated on CeO2 nanopowder catalyst and the metal 
dispersion as well as TOF analysis are carried-out (as shown in Table S1). The 
reaction rate per unit mole of metal is the same for 5%Ni-Cu and 10%Ni-Cu 
catalysts [3]. Moreover, two different operating conditions are tested to 
confirm again the possibility of external and internal mass transfer limitations 
[4]. Firstly, the catalyst amount and the total flow rate are reduced with the 
same catalyst particle size to maintain the same space velocity (Condition II). 
Secondly, the catalyst is sieved to the lower particle size and the same space 
velocity is maintained (Condition III). The results show that under the 
different reaction conditions, the reaction rate remains unchanged, within 
experimental errors (Table S1). These two conditions suggest again the 
absence of external and internal mass transfer limitations. Lastly, two 
temperature zones are tested where the 5Ni5Cu/CeO2 catalyst was diluted 
again with silica (inert support) to ensure the catalyst bed was operating at the 
constant volume and the TOF was measured at 400°C (Condition IV) [5]. The 
TOF measured at 400°C was shown to be almost similar with the extrapolated 
TOF from 325 to 400°C, implying that no heat transfer limitation was present 






Table S1. CO conversion rates at different conditions for mass transfer and 
heat transfer limitation tests in water gas shift reaction at 350 & 400°C for 
5Ni5Cu/CeO2 and 2.5Ni2.5Cu/CeO2 catalysts. 






5Ni5Cu/CeO2 (Condition I) 350 18.7 ~0.010 
2.5Ni2.5Cu/CeO2 (Condition I) 350 14.9 ~0.010 
5Ni5Cu/CeO2 (Condition II) 350 18.7 ~0.011 
5Ni5Cu/CeO2 (Condition III) 350 18.7 ~0.011 
5Ni5Cu/CeO2 (Condition I) 400 18.7 ~0.030 
5Ni5Cu/CeO2 (Condition IV) 400 18.7 ~0.031 
*a=calculated based on N2O chemisorption for 5Ni5Cu/CeO2 and 2.5Ni2.5Cu/CeO2 catalysts only (due to the Ni-Cu 
size of 2.5Ni2.5Cu/CeO2 catalyst is non-detected by XRD measurement). 
Condition I: Catalyst, 0.04g, Total Flow, 100 mL/min, catalyst particle size, >125um. 
Condition II: Catalyst, 0.02g, Total Flow, 50 mL/min, catalyst particle size, >125um. 
Condition III: Catalyst, 0.04g, Total Flow, 100 mL/min, catalyst particle size, < 90um. 
Condition IV: Catalyst, 0.04g diluted with silica to decrease the conversion and perform at 400°C. 
2. Stability test for 5Ni5Cu/CeO2 catalyst 
Figure S1 shows the catalytic stability test for 5Ni5Cu/CeO2 operating at 
400°C. No significant catalyst deactivation appears to occur after 100 hours of 
water gas shift reaction.    



























Figure S1. Stability test for 5Ni5Cu/CeO2 catalyst at 400°C (5%CO, 25%H2O 




3. Constraints imposed on kinetic data fitting 
To improve the efficiency of GA (Genetic Algorithm), constraints were 
imposed on the optimization. These constraints were related to the physical 
meaning and limits of each parameter, suggested by Boudart et al. [6], and are 
summarized in Table S2.  
Table S2. Constraints imposed on kinetic data fitting. 
Containing Type Imposed Constraint(s) 
Adsorption Equilibrium Constant -200 < ΔSad < 0 
 -1e6 < ΔHad < 0 
Desorption Equilibrium Constant 1 < ΔSde <1e3 
 0 < ΔHde < 1e6 
General Equilibrium Constant -1e3 < ΔS < 1e3 
 -1e6 < ΔH < 1e6 
Rate Constant 0 < A 
 0 < Ea 
 
4. Validation of proposed redox mechanism 
The commonly used redox mechanism, first proposed by Ovesen et al. [7] is 
shown below: 
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The fitted parameters for the above redox mechanism are presented in Table 
S3. A low satisfactory fit was found with the above parameters with R
2 
= 0. 
79. This suggests that a better solution exists outside the bounds of the 
constraints, and that the best-fit parameters do not fit to the redox model with 




ΔS (J mol-1 K-1) -ΔH (J mol-1) 
K1 -20.18 0.06 
K2 -200 1.61 
K3 -88.57 1.70 
K4 141.59 1.18 
K6 -19.07 0.88 
K7 142.71 8.48 
 A -Ea (J mol
-1
) 
k3 8.13E+05 -3.8E+04 









































Figure S2. Comparison of experimental rate and calculated rate of the redox 
model for 5Ni5Cu/CeO2 catalyst.  
 
5. Validation of proposed bidentate formate mechanism 
Another postulated mechanism was the associative formate mechanism [8]. In 
this mechanism, the rate determining step is thought to be the step involving 
the decomposition of the associative intermediate (step 5). 
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Similarly, the parameters fitted (Table S4) of the bidentate formate mechanism 
almost obtain a good fit with only R
2




ΔS (J mol-1 K-1) -ΔH (J mol-1) 
K1 0 4.05 
K2 -136.53 3.39 
K3 42.73 1.28 
K4 -6.81 2.76 
K6 -17.43 2.36 
K7 184.39 1.74 
 
A -Ea (J mol
-1
) 
k5 3.83E+05 -4.2E+04 










































Figure S3. Comparison of experimental rate and calculated rate from the 
bidentate formate model for 5Ni5Cu/CeO2 catalyst. 
 
6.  Validation of proposed carboxyl mechanism  
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The fitted parameters for the carboxyl mechanism were found to be within 
constraints, with a satisfactory R
2
=0.91. While the absolute value of each 
parameter cannot be confirmed with just a kinetic study, it is sufficient to say 
this mechanism is plausible, as the fitted parameters are physically 
meaningful. 
Table S5 
Parameter ΔS (J mol-1 K-1) -ΔH (J mol-1) 
K1 -177.76 1.46 
K2 -48.54 1.66 
K3 20.66 8.38 
K4 192.24 2.98 
K6 23.34 1.43 
K7 -104.48 0.90 
K8 -17.83 2.13 
 
A -Ea (J mol
-1
) 
K5 2.73E+05 -4.4E+04 









































Figure S4. Comparison of experimental rate and calculated rate of the 
carboxyl model for 5Ni5Cu/CeO2 catalyst.  
 
Based on the kinetic experimental data obtained from the power rate 
law and the apparent activation energy, three main reaction mechanisms are 
proposed. The carboxyl mechanism is found to correlate well with kinetic data 
with R
2
=0.91 and almost similar activation energy as compared to the 
apparent activation energy. The fitting procedure of the kinetic experimental 
data and proposed reaction mechanism are briefly discussed. Numerous 
constraints were imposed while optimizing the rate parameters. These 
constraints are tabulated in Table S2. To match the kinetic experimental data 
with the proposed reaction steps, an objective function was used to fit the 
reaction model by minimizing the sum of least squares errors of the 
experimental and calculated rates (shown in Figure 10). Optimization was 
performed using two in-built functions of MATLAB. Firstly, the genetic 
algorithm function (GA) was used to narrow down the search space. Secondly, 
the FMINCON function was used to find the local minimum. To evaluate the 
sensitivity of each calculated parameter, a one-factor-at-a-time (OAT) 
sensitivity analysis was performed.  It was found that the rate of the backward 
rate determining step (rds), k-5, had little impact on the calculated rate. It was 




is limited in its evaluation of parameter relations. Apart from this, the rate was 
found to be sensitive to the values of the remaining parameters. By checking 
the rate constant of the rds (shown in Table S5), it can be concluded that the 
carboxyl decomposition over the catalyst is the slowest step in the mechanism.  
To correlate the kinetic model with the experimental data, the in-situ 
transient formate decomposition experiments have been conducted in the 
presence of steam at low and high temperature for 5Ni5Cu/CeO2 catalyst 
(reducible support) as illustrated in Figure 11 (a) and (b). All the spectra 
shown in Figure 11 were collected when the steady-state condition had been 
reached. At 250°C, the catalyst surface was firstly saturated with high formate 
coverage (2950, 2842, 1582, 1370, 1331cm
-1
) upon CO adsorption. Thereafter, 
steam was introduced to investigate transient formate decomposition. Formate 





) carbonate and small amount of CO2. It can be clearly seen 
that carbonate species are the major species presence on the catalyst surface. 
As the temperature increases to 400°C, the intensity of the formate species had 
ceased during CO adsorption. At this temperature, in the presence of steam, 
formate was converted to polydentate carbonate (1435, 1342cm
-1
) as the major 
compound. Besides, methane gas was not observed at 400°C. This shows that 
Ni-Cu alloy is a selective catalyst for water gas shift reaction.  
Three main reaction mechanisms are proposed in the open literature 
investigated for the water gas shift reaction mechanism with different metal 
and mixed oxide catalyst. The reaction mechanism and intermediate species 
formed are mainly depending on the reaction conditions (temperature, feed 
compositions) and catalysts (method of preparations and different metals). 
These factors significantly influence the reaction mechanisms. For 
5Ni5Cu/CeO2 catalyst, formate species and carbonate species were detected 
by in-situ DRIFTS analysis at various temperatures. High intensity of formate 
species are observed at low temperature (200-300°C) and reported by the 
Davis group to be the rate determining step for low temperature water gas shift 
using Pt-based catalysts. In addition, our results show almost similar behavior 
for 5Ni5Cu/CeO2 catalyst at low temperature. However, based on our reaction 




400°C. Thus, we could predict that other reaction mechanisms cannot be ruled 
out particularly redox or carboxyl reaction mechanism. Therefore, kinetic 
study was performed at around 375°C to investigate the reaction mechanism 
and it was compared with the in-situ DRIFTS analysis. However, the redox 
mechanism shows the lowest R
2
 compared to formate and carboxyl 
mechanism from the kinetic studies. Furthermore, formate mechanism is 
shown to the rate determining step at low temperature. Hence, carboxyl 
mechanism is the only left possible reaction mechanism even though only a 
simple kinetic model was used to fit the kinetic data.    
Based on the above proposed model, a WGS reaction mechanism 
diagram is proposed and depicted in Figure S5. CO molecules adsorbed on the 
Ni-Cu alloy metal reacts with the surface hydroxyl group generated from the 
water dissociation on the vacancy of ceria support (which is shown in Figure 
5(d) and Figure 6 (in the main text)), forming carboxyl and formate as 
intermediate species. The carboxyl intermediate will then decompose to CO2 
and H2. The kinetic study shows that the carboxyl could be the dominant 
pathway in water gas shift reaction and formate species is only acting as a 
“spectator” or contributing a minor role in the reaction. On the other hand, the 
presence of formate species, could block the reaction active site and react with 
the adjacent hydrogen to form methane as a side product (which generally 
occurs for nickel-based catalyst for CO2 hydrogenation). This finding is in 
agreement with a proposed model by Gokhale et al. [9] who revealed using 
DFT calculations for Cu-based catalyst that, the activation energy of formate 
formation is 100 kJ/mol, approximately 2 times higher than that of the 





Figure S5. Proposed mechanism pathway of 5Ni5Cu/CeO2 catalyst for HT-
WGS. 
 
7. Comparison of the experimental versus modeled apparent activation 
energy. 
A table of the experimental versus modelled apparent activation energies and 
orders was included in the supplementary information for the 1 site carboxyl 
model as shown in Table S6. This can be clearly seen that the Ea values for 





8. DRIFTS-CO adsorption study for 5Ni5Cu/Al2O3 catalyst. 
To reassure the presence of formate on non-reducible catalyst support, 
a 5Ni5Cu/Al2O3 catalyst (non-reducible) was synthesized by using the same 
catalyst preparation method. The in-situ DRIFTS CO adsorption spectra are 
displayed in Figure S6 as a reference to point out that no formate species are 
Catalyst Activation Energy 
(kJ/mole) 
Reaction order 
Modeling  Experimental CO H2O CO2 H2 




formed during CO adsorption tested from 25°C to 500°C. Only CO adsorbed 
onto NiCu alloy species can be clearly seen. This result could postulate that 
formate species might be an important intermediate for methane formation as 
reported by Schild et al [10]. 







































Figure S6. DRIFTS-CO adsorption study for 5Ni5Cu/Al2O3 catalyst. 
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1. Secondary particle size distribution of CeO2 (1) 
Figure S1. displays the secondary particle size distribution of CeO2 (1) 
prepared using the concentration of cerium-nitrate as catalyst precursors of 
13.5mM and 2.25g of PVP360K dissolved in deionized water and placed into 
oven at 140°C for 12 hours. Calcination in air at 700°C for 2hours and the 
sizes are ranged from 150 to 350nm where the high frequencies of secondary 
particle sizes are shown within 275-300 nm and the average secondary ceria 
particle size is 284 nm.  
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 2. Secondary particle size distribution of CeO2 (2) 
Figure S2. displays the secondary particle size distribution of CeO2 (2) 
prepared using the concentration of cerium-nitrate as catalyst precursors of 
22.5mM and 2.25g of PVP360K dissolved in deionized water and put into 
140°C for 48hours. Calcination in air at 700°C for 2hours and the sizes are 
ranged from 400 to 800nm where the high frequencies of secondary particle 
sizes are shown within 500-600 nm and the average secondary ceria particle 
size is 550 nm.  
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3. Secondary particle size distribution of CeO2 (3) 
Figure S3. displays the secondary particle size distribution of CeO2 (2) 
prepared using the concentration of cerium-nitrate as catalyst precursors of 
22.5mM and 2.25g of PVP360K dissolved in deionized water and put into 
140°C for 96 hours. Calcination in air at 700°C for 2hours and the sizes are 
ranged from 800 to 1200nm where the high frequency of secondary particle 
sizes, is shown within 900-1000nm and the average secondary ceria particle 
size is 946 nm.  
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4. Controllable sizes of ceria truncated polyhedral prepared by using 
solvothermal method with varying ceria precursor concentration to 
surfactant ratio. 
Figure S4. and Table S1 display the ceria truncated polyhedral 
synthesized via solvothermal method with varying ceria precursor 
concentration to surfactant ratio in preparing four different sizes of secondary 
particle size and primary crystal size.   
Table S1. Secondary particle sizes and primary crystal sizes of different ceria 
truncated polyhedral. 
Ceria Truncated Polyhedral (a) (b) (c) (d) 
Secondary Particle Size (nm) 250-300 500-600 700-750 850-1000 
Primary Crystal Size (nm) 38.7 25.5 20.8 19.6 
 
 





5. Bimetallic particle size of supported 5Ni5Cu/CeO2 (1) 
Figure S5. displays the particle size distribution of Ni-Cu bimetallic 
particle size prepared after reduction of 5Ni5Cu/CeO2 (1) at 450°C. The 
bimetallic sizes are ranged from 10-35 nm where the high frequencies of 
particle sizes are shown within 15-25 nm and the average of bimetallic particle 
size is 22.4nm.  





























6. Bimetallic particle size of supported 5Ni5Cu/CeO2 (2) 
Figure S6. displays the particle size distribution of Ni-Cu bimetallic 
particle size prepared after reduction of 5Ni5Cu/CeO2 (2) at 450°C. The 
bimetallic sizes are ranged from 10-60 nm where the high frequencies of 
particle sizes are shown within 20-35 nm and the average particle size is 29.4 
nm.  





























7. Bimetallic particle size of supported 5Ni5Cu/CeO2 (3) 
Figure S7. displays the particle size distribution of Ni-Cu bimetallic 
particle size prepared after reduction of 5Ni5Cu/CeO2 (3) at 450°C. The 
bimetallic sizes are ranged from where the high frequencies of particle sizes 
are shown within 20-35 nm and the average particle size is 28.3 nm.  




































8. Bimetallic particle size of spent catalyst (5Ni5Cu/CeO2 (3)) for 30 hours of 
catalytic stability test 
Figure S8. displays the particle size distribution of Ni-Cu bimetallic 
particle size prepared after the stability test of 5Ni5Cu/CeO2 (3) at 450°C. The 
bimetallic sizes are ranged from 20-60 nm where the high frequencies of 
particle sizes are shown within 25-35 nm and the average of the bimetallic 
particle size is 33.9 nm. 


































1. Secondary particle size distribution of CeO2 (s) 
Figure S1. displays the secondary particle size distribution of CeO2 (s) 
prepared using the concentration of cerium-nitrate as catalyst precursor of 
13.5mM and 2.25g of PVP360K dissolved in deionized water and placed into 
oven at 140°C for 12 hours. Calcination in air at 700°C for 2hours and the 
sizes are ranging from 150 to 350nm where the high frequencies of secondary 
particle sizes are falling within 275-300 nm and the average secondary ceria 
particle size is 284 nm.  





























2. Secondary particle size distribution of CeO2 (p) 
Figure S2. displays the secondary particle size distribution of CeO2 (p) 
prepared using the concentration of cerium-nitrate as catalyst precursor of 
27.0mM and 2.25g of PVP360K dissolved in deionized water and ethanol with 
the volumetric ratio of 1 and placed into oven at 140°C for 12 hours. 
Calcination in air at 700°C for 2hours and the sizes are ranging from 675-825 
nm where the high frequencies of secondary particle sizes are falling within 
750 nm and the average ceria secondary particle size is 725 nm.  































3. Secondary particle size distribution of CeO2 (r) 
Figure S3. displays the secondary particle size distribution of CeO2 (r) 
prepared using the concentration of cerium-nitrate as catalyst precursors of 
1.954g and 2.027g of urea dissolved in deionized water and glycerol with the 
volumetric ratio of 1 and placed into oven at 100°C for 24 hours. Calcination 
in air at 700°C for 2hours and the sizes are ranging from the length of (250-
560) nm and the width of (80-160) nm and the average ceria secondary 
particle size is 372 x 120 nm (length x width).  


















































4. Bimetallic secondary particle size of supported 5Ni5Cu/CeO2 (s) 
Figure S4. displays the secondary particle size distribution of Ni-Cu 
bimetallic secondary particle size prepared after reduction of 5Ni5Cu/CeO2 (s) 
at 500°C. The bimetallic sizes are ranging from 8-25 nm where the high 
frequencies of secondary particle sizes are falling within 15-18 nm and the 
average of bimetallic secondary particle size is 16.7nm.  


























5. Bimetallic secondary particle size of supported 5Ni5Cu/CeO2 (p) 
Figure S5. displays the secondary particle size distribution of Ni-Cu 
bimetallic secondary particle size prepared after reduction of 5Ni5Cu/CeO2 (p) 
at 500°C. The bimetallic sizes are ranging from 17-47 nm where the high 
frequencies of secondary particle sizes are falling within 20-29 nm and the 
average of bimetallic secondary particle size is 26.3nm.  





























6. Bimetallic secondary particle size of supported 5Ni5Cu/CeO2 (r) 
Figure S6 displays the secondary particle size distribution of Ni-Cu 
bimetallic secondary particle size prepared after reduction of 5Ni5Cu/CeO2 (r) 
at 500°C. The bimetallic sizes are ranging from 16-93 nm where the high 
frequencies of secondary particle sizes are falling within 31.4-39.1 nm and the 
average of bimetallic secondary particle size is 42.5nm.  

































7. Bimetallic secondary particle size of spent catalyst (5Ni5Cu/CeO2 (r)) for 
30 hours of catalytic stability test 
Figure S7. displays the secondary particle size distribution of Ni-Cu 
bimetallic secondary particle size prepared after stability test of 5Ni5Cu/CeO2 
(r) at 500°C. The bimetallic sizes are ranging from 18-52 nm where the high 
frequencies of secondary particle sizes are falling within 39.5-43.8 nm and the 
average of the bimetallic secondary particle size is 40.1 nm. 































Table S1. Metal dispersion, metal surface area and the metal particle size 










5Ni5Cu/CeO2 14.7 146.7 4.6 






1. Particle size distribution Ni-Cu bimetallic of fresh 5Ni5Cu@Ceria 
Figure S1. displays the Ni-Cu bimetallic alloy particle size of fresh 
5Ni5Cu@Ceria distribution ranged from 2.4 nm to 4.0 nm where the high 
frequencies of particle sizes are located within 3.4 nm and the average 
bimetallic particle size is 3.4 nm.  




























2. Particle size distribution ceria of reduced 5Ni5Cu@Ceria 
Figure S2. displays the ceria particle size of reduced 5Ni5Cu@Ceria 
distribution ranged from 4.1 nm to 7.3 nm where the high frequencies of 
particle sizes are located within 5.8 nm and the average ceria particle size is 
5.4 nm.  
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3. Particle size distribution ceria of spent 5Ni5Cu@Ceria 
Figure S3. displays the ceria particle size of spent 5Ni5Cu@Ceria after 
30 hours of reaction at 500°C distribution ranged from 5.1 nm to 8.5 nm 
where the high frequencies of particle sizes are located within 6.4 nm and the 
average ceria particle size is 6.6 nm.  
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Figure S3. Ceria particle size distribution of spent 5Ni5Cu@Ceria after 30 
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